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PHYSICAL REVIEW. 


THE OPTICAL CONSTANTS OF ALLOYS AS A FUNCTION 
OF COMPOSITION. 


J. T. LITTLETON, Jr. 


INTRODUCTION. 


\ UCH work has been done in recent years in determining the optical 
+ constants of pure metals and in studying metallic dispersion, 
so that at the present time practically all the metals have been investi- 
gated with the exception of the more readily oxidizable ones. But while 
the metals have been carefully studied only scattering observations have 
been made on alloys and no study has been made of the effects of different 
percentages of the two metals alloyed. It is the purpose of this work 
to investigate different series of alloys, determining m (the refractive 
index) and k (the absorptive index) as functions of composition in order 
to associate any changes in the optical properties with changes in other 
physical properties of the metals. 

Curves will be plotted between the optical constants and the per- 
centages by volume of one metal. The percentage by volume rather 
than the percentage by weight is chosen partly on account of the fact 
that with this method of plotting some of the relations which would 
otherwise be more complex, become linear; partly, because this is the 
usual method applied to electrical conductivity curves for alloys and 
also because of the fact that in the theory of the optical properties of 
mixtures of dielectrics the volume proportion is used instead of weight 
proportion. 

According to Drude’s' theory the electrical conductivity is a function 
of NV the number of electrons per c.c., and r the friction coefficient. He 
concludes that for short waves the optical properties depend upon N 
and not upon 7, and that since N is unaltered by changes in the physical 

1 Phys. Zeits., I., 165, 1900. 
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properties the optical constants should be affected to only a small extent 
by such changes. By alloying two metals, however, and forming a new 
compound or a solid solution of one metal in another, N can be changed 
and the study of the optical properties of these alloys should indicate 
such a change. 

The electrical conductivity of alloys changes in a way characteristic 
of the kind of alloy formed as the per cent. of the constituents is varied. 
In cases where the two metals do not mix but crystallize out separately, 
the conductivity of the alloys is related to those of the pure metals by a 
simple volume proportion as is illustrated by the curve in Fig. 1. 














$ 
2 RS 
> » 
: } 
> _ 
: g 
S 4 t 
~~ 1 ~ a 
g ‘ ™ 
Q ' ' 
‘ 
: 
Vet. % A ' Vo! % A 1 
Fig. 1. Fig. 2. 


When the two metals are miscible in all proportions, forming in the 
solid state homogeneous mixed crystals, meaning by the term mixed 
crystal a crystal containing both metals, the conductivity has a minimum 
as is illustrated in Fig. 2. 

If any part of the conductivity curve becomes a straight line the pres- 
ence of two classes of crystals containing the metals in different propor- 
tions is indicated, while the curved portion means that for these percen- 
tages only one form of crystal exists. Compounds are indicated by 
sharp maxima or minima, while on melting point curves they are indi- 
cated by sharp maxima. 


EXPERIMENTAL METHOD. 


The apparatus used and the method followed in determining the optical 
constants is exactly similar to that of Drude and all others since who 
have used the Soliel modification of the Babinet compensator, conse- 
quently no experimental details need be given. 

Since the absolute error in taking readings is nearly the same in all 
cases the percentage of error depends upon the magnitude of the angles 
measured and it will be stated after each table of results. 

Sodium light was used in all cases, the necessary intensity being ob- 


tained with a blast lamp and sodium chloride in a platinum holder. 
If ¢ be the angle of incidence of the light polarized in a plane inclined 
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forty-five degrees to the plane of incidence, y the azimuth of restored 
polarization, A the relative change of phase occurring between the com- 
ponents of reflected light parallel and perpendicular to the plane of 
incidence, R the reflecting power, the subscript m referring to the means 
of observations at N different angles of incidence, then the optical 
constants are given in terms of these quantities by the ordinary Drude 
equations: 
sin A tan 2y = tan Q, 


cos A sin 2y = cos P, 
. P 
sin g tang tan | = 5, 


> sin? *) 
2Sn2N J] 


n = cos 0,.Se ( 1+ 


> sin? ¢ 
tan O» ( I-- S.2N, }” 


=> 
I 


u = n(i + R)3, 


u>+iI— 2n 


el FE 


¢ and y are the values of @ and y for which A has the value x/2. This 
position is called the position of principal incidence and the azimuth is 
called principal azimuth. 

The question arises as to the meaning of the optical constants of alloys 
and the justification for applying these formulas for the computation of 
them. If alloys are made up of separate particles of the component 
metals, each one reflecting light just as does a finite surface of the metal, 
the resultant effect would be to produce an elliptical vibration capable 
of being analyzed by the Babinet compensator and giving data from 
which an m andak might becomputed. Optical constants so determined 
for such an alloy mean nothing. However if those alloys are studied 
which form mixed crystals of only one composition for each proportion 
of the component metals and also those alloys which are compounds, 
these may be considered as new metals and it will be perfectly justifiable 
to use this method of determining the optical constants. 

It is quite difficult to obtain a polish which will give the true values of 
the optical constants and especially so with brittle alloys. Surface im- 
purities of any kind tend to lower the value of A for a given angle of 
incidence, but fortunately A is not much affected by scratches. If a 
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surface be scratched unidirectionally y changes when the surface is 
rotated in the plane of the scratches; different values of y are obtained 
according as the scratches are parallel or perpendicular to the plane 
of incidence. These facts allow a surface to be tested for what is called 
its normal state. If a metallic surface be freshly filed with a new clean 
file it must be in a relatively pure state and this gives values of A not 
far from correct. If subsequent observations made at different stages 
of polishing show a decrease from this value of A this indicates surface 
contamination and some other method of polishing has to be tried. The 
true value of y is obtained by taking the mean of y for the observations 
parallel and perpendicular to the scratches when the difference between 
them becomes a minimum. When this difference is zero and at the 
same time A has the largest value obtained the surface is said to give 
normal values of the optical constants. Such tests are easily and quickly 
made with the Babinet compensator. The details of polishing will be 
given later. 
IRON-NICKEL ALLOoys. 


Since iron and nickel form a doubtful compound at about thirty per 


cent. nickel by volume and since at this ‘compound point” there is a 
sudden change in many of the other physical properties of the alloys it 
is of interest to see whether any such change occurs in the optical con- 
stants. At this point the specific heat reaches a maximum five times 
that of pure nickel,! the thermal conductivity reaches a minimum one 
fifth that of pure nickel,? and the electrical conductivity also has a 
minimum of the same relative magnitude. Melting point observations 
do not prove the presence of the compound nor the complete miscibility 
of the two metals but the electrical conductivity curve given later will 
be taken as a proof of both of these points, the mixed crystals being 
composed of iron and the compound, and nickel and the compound. 

These alloys were prepared by Professor James Aston, of the Electro- 
chemical Department of the University of Wisconsin, and the physical 
properties just mentioned were determined from these specimens. 
Weighed proportions of electrolytic iron and nickel were melted in 
magnesia crucibles in an electric furnace of the resistor type, but in 
spite of all precautions some carbon was absorbed, as analysis proved, 
presumably from the carbon monoxide generated by the furnace, and 
for this reason these alloys may be called those of steel rather than of 
pure iron. 

Before polishing, all the alloys were subjected to the same heat treat- 


1 Swartz and Muschel, B.A. Thesis, Univ. of Wis., 1910. 
2? Smith and Thomson, B.A, Thesis, Univ. of Wis., 1911. 
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ment which consisted in slowly cooling them from 950° C. in a platinum 
resistance furnace. The method of polishing which is used for steel 
and other hard metals worked equally well with these alloys. The 
specimens were mounted in a bed of wax and ground coplanar with wet 
carborundum of a coarse grade, known commerically as No. 70, on a 
rotating cast iron disk. Finer grades of carborundum were then used 
up to that which had remained in suspension in water for an hour, called 
sixty minute carborundum. Next the surfaces were ground with this 
last grade of carborundum on dry paper, though a wet canvas backing 
would have done just as well and would have been much more rapid. 
The polishing was done with twice-washed jeweller’s rouge on an ordinary 
pitch tool, much of the success depending on getting this tool of the right 
consistency. Rosin and bees-wax were melted together using about 
the same amount of each and turpentine added until a drop cooled in 
water was fairly hard but no longer brittle. This was then poured ona 
checked metal disk, a thin layer of bees-wax added, and then figured. 
This tool was then covered with a generous supply of wet rouge and by a 
suitable mechanism moved over the surface to be polished, some pressure 
being applied. This method gave surfaces practically free from scratches 
and fairly plane, which after being brushed with dry rouge on chamois 
skin and washed with a fine grade of dehydrated alcohol gave the normal 
values for the optical constants. 

If a softer polishing tool had been used the crystals would have polished 
into relief. This should not affect the value of the constants if the alloy 
were homogeneous but an image from such a surface does not give such 
good definition and observing is a little more difficult. 

The means of the determinations are given in the following table. 

The maximum deviation from the mean is 2 per cent. for m and 4 per 


Iron-Nickel Alloys. 


No. Per Cent. Iron z av P k R Per Cent 

Vol. . 
1 100 7. 55° 38’ 2.41 1.41 58.5 
2 98.30 76° 49’ — = 2.44 1.41 58.8 
3 93.77 76° 47’ 56° 00’ 2.38 1.40 58.3 
4 80.02 76° 45’ 56° 58’ 2.31 1.47 58.8 
i 5 77.20 76° 40’ 57° 00’ 2.30 1.48 58.8 
6 74.2 76° 37’ 58° 10’ 2.29 1.52 59.4 
7 67.0 76° 25’ Si” 20" 2.23 1.50 60.1 
8 55.80 76° 44’ 59° 50’ 2.16 1.63 60.9 
9 27.00 76° 30’ 61° 37’ 2.01 1.74 62.0 
10 00 76° 1’ 63° 22’ 1.97 1.86 62.0 
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cent. for k. The values for pure nickel and steel are taken from Drude;! 
Nos. 2, 7, 6, and 8 were observed at angles of incidence equal to 68°, 70°, 
72°, 74°, and 76°, and from the mean values of m and k @ and 2y were 
computed, while ¢ and 2y were measured directly in the cases of the 
remaining surfaces. 
Curves are plotted between the optical constants and the per cent. of 
iron by volume. All points lie on the curves, within the limits of error. 
The resistance curve obtained from 
Tpa\-NickEL ALLOYS Professor Aston shows well where 











the compound is formed. 

The optical constant curves 
show that m and & change linearly 
with the volume proportion, in con- 
trast to the behavior of the other 





properties of the metals, and no 


compound is indicated. 


NICKEL-SILICON ALLOoys. 


Since iron and nickel are in many 











se R—_.——— ————_t+—+—_ + ay 
_ | | | | | . . . 
| | | | selon dh vovsteng respects so similar it was thought 
a a or a a a | : , 
nk ante wheeeptnme desirable to try the behavior of two 
(LA) & and %/ran hy Volure - . js 
Ul) Specstue Resistance and % leon by Volume metals having properties widely 
Fig. 3. divergent. As a rule a complete 


series of such alloys which can be 
polished cannot be formed, but since nickel and silicon form an alloy of 
about eighteen per cent. silicon by weight and forty-seven per cent. silicon 
by volume which is supposed to be a strong compound and yet can be 
polished this series is of interest as far as it can be worked with. The 
physical properties of these alloys have not been studied to any extent. 
Weighed proportions of pure nickel and pure silicon were melted to- 
gether in an atmosphere of hydrogen, being heated up to 1600° C. ina 
graphite crucible in a carbon resistor furnace, at which temperature they 
were held for several hours and then quenched in water. Practically no 
oxidation had occurred, but on reweighing it was found that a small 
portion of the graphite had been dissolved, however it was less than one 
per cent., and since on cooling it solidified in separate crystals, it can 
have made no measurable difference in the results. Due to the extreme 
brittleness of these alloys they could not be polished when they contained 
more than twenty per cent. by weight of silicon. They were polished 
in the same way as the iron-nickel alloys but the process was more 


1 Ann. der Phy., XX XIX., 481, 1890. 
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tedious and did not give such satisfactory results, due to the crystalline 


structure. 


Direct observations on @ and 2y give: 


Nickel-Silicon Alloys. 


No. Per aa Si. 3 

1 0. oe i’ 63° 22’ | 1.79 
2 16.3 is oF a ¢ 2.04 
3 29.1 mw oS 54° 30’ 2.35 
} 39.3 76° 14’ a is 2.61 
5 47.4 76° 24’ 7° 50’ 2.87 
6 100. 76° 45’ 6° 52’ 4.24 


| Per Sent. 
5 62.0 
57.1 
2 55.3 
‘ 51.4 
.99 50.6 
.114 37.7 





There is a possible experimental error of 10 per cent. for m and k. 
Curves are plotted between m and & and the per cent. of silicon by 


volume. 
is no indication of the compound 
with forty-seven per cent. of silicon. 

The melting point curve is given 
for comparison.! 


TRON-MANGANESE ALLOYs. 

Manganese and iron form alloys 
containing an unbroken 
homogeneous mixed crystals for all 
proportions which consequently are 
suitable for this optical test. Bar- 
rett, Brown, and Hadfield? have 
shown that the electrical conduc- 
tivity is decreased to about one 
fifth that of pure iron by an ad- 
dition of fifteen per cent. of man- 
ganese ‘and that for the same 


series 


These are straight lines well within the limits of error. 


There 
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specimen, the thermal conductivity is decreased to about one half that 
of iron,* both changes being characteristic of this class of alloys. 
Weighed proportions of iron and manganese were melted together in 
magnesia-lined graphite crucibles, being heated in a resistor furnace to 
about 1600° C. and left in the molten condition for about an hour in 


1 Willian Guertler et G. Tamman, Zeit. an Chem., XLIX., 93, 1906. 
1 Levin et Tamman, Zeit. fiir an. Chem., 57, p. 136, 1905 
? Barrett, Brown, and Hadfield, Inst. Elect. Eng. Jour., 31, p. 674, 1902. 


* Barrett, Brown, and Hadfield, Roy. Dub. Trans., 102, Sept., 1904. 
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order to insure thorough mixing. Then the molten alloy was poured 
on a plane steel plate and allowed to cool. Annealing was necessary in 
order to get a uniform condition of crystallization. 

These alloys were polished in the same way as the nickel-copper alloys, 
giving very good surfaces practically free from scratches. Pure man- 
ganese could not easily be polished with rouge on account of the oxidation 
and consequently observations were taken on a surface scratched only 
in one direction with sixty-minute carborundum and the optical con- 
stants were computed from the mean of the observations parallel and 
perpendicular to the scratches. 


Direct measurements of ¢ and y give: 


Tron-Manganese Alloys. 


Per Cent. Mn. = I ‘i L R 
7“ Vol. - ; r Per Cent. 
1 0 76° 30° 54° 58’ 2.36 1.36 56.2 
2 50 aa" 43° se 6S 2.42 1.53 61 
3 75 ia ao 58° 30’ 2.43 1.90 62.5 
4 100 ia 5@’ 59° 10’ 2.41 1.61 64.0 


The above values are accurate to within three per cent. All points 
are on a straight line drawn through the end points of the optical constant 
curve well within this limit. 

Wartenburg! gives for pure man- 


TRON-IZANGANESE ALLOYS ganese @ = 78° 13’, y = 29° 15’, 
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n = 2.49, k = 1.56, R = 63.5 per 
— a aa ‘ : - “| ~ . ° 
cent.; and Freedericksz? ¢ = 77° 
34’,y = 30° 10,” = 2.25, k = 1.7, 
7 a SEE a 1 = 
: R = 63.5 per cent. 
2.0 .--- oat Gas eG = 
NS | . 
eee +} —-}— ALUMINUM-CopPER ALLOys. 
s64—_t_|_}| | J Weighed proportions of alumi- 
7, $ prof 
DE eee eee ee eae num and copper were melted 
| . : 
a mene eS together under a sodium chloride 
‘a Reet == flux in ordinary clay crucibles. 
‘ =F. L._ sabrvand se The melt was thoroughly stirred 
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Fig. 5. 


and cooled rapidly after being 
kept at a high temperature for 
two hours. Then the specimens 
were annealed for two hours longer 


at a temperature of seven hundred degrees. This method gives a mix- 
ture as nearly uniform as it is possible to get. 


1 Ber. der Dut. Phy. Gesell., No. 3, 1910. 
2 Ann. der Phy., No. 4, p. 780, IgQII. 
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Gwyer! by microscopical examination of etched surfaces of these alloys 
finds the following facts concerning their crystallography. The metals 
are thoroughly miscible from 100 per cent. copper to 75.5 per cent. copper 
by volume, forming in the solid state homogeneous mixed crystals of 
copper and aluminum. From 75.5 per cent. copper to 65 per cent. there 
are two forms of crystals of but at 63.5 per cent. there is again only one 
form of crystal present, agreeing with thermal data which indicate the 
formation of a compound at this point in the melting point curve. This 
compound is Cu;Al. From this point to 30 per cent. copper there are 
homogeneous crystals of only one form present, but at 29 per cent. there 
are two kinds of crystals, accordingly the series of mixed crystals is said 
to end between 29 per cent. and 30 per cent. copper, and this point 
corresponds to the compound CuAl. The formation of this compound is 
not indicated on the melting point curve but there is an indication of it 
on the cooling curve. The alloys contain two forms of crystals from 29 
per cent. to 25 per cent. copper where they have again only one form. 
This agrees with the thermal data which indicate the formation of the 
compound CuAls at this point. From this point on to I per cent. copper 
there are two forms of crystals present. 

Observations on these alloys were confined to those percentages having 
but one form of crystal, as indicated above, hence the application of the 
method is justifiable. 

A slightly different method of polishing had to be used for these alloys. 
They were ground plane on carborundum cloth after being filed approxi- 
mately true. Then they were ground with wet No. 150 carborundum 
powder on a cast iron disk covered with canvas. The disk was turned 
at a high speed for the more brittle alloys, giving a polish equivalent to 
that obtained with No. 00 emery paper. Finer grades were used up to 
rewashed sixty minute powder. The polishing was done with wet rouge 


on a cast-iron disk covered with ‘peau de soie”’ silk rotating at a slow 
speed, and continued until almost dry. The surfaces obtained by this 
method were free from scratches, fairly plane, and gave normal values 
for the optical constants, but there was a slight tendency for the crystal 
to polish into relief. To test the effect of this, one specimen was heated 
to redness, hammered out to about half its thickness and cooled in water. 
This showed no crystalline structure on polishing but the values of the 
optical constants were unaltered. 
Measurements of ¢ and 2y directly give the following values: 


1 Zeit. an. Chem., 57, p. 11, 1908. 
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Aluminum-Copper Alloys 
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_ 7 Vou - $ v : 5 Per tin. 

1 0 71° 35’ 54’ 641 | 4.08 83.5 

2 19 73° 15’ 9’ .795 | 3.70 72.3 

3 36.4 74° 34’ 7 1.32 2.56 68.5 

4 51.36 76° 16’ 56’ 1.97 1.62 55.1 

5 57.8 Soa yh 2.24 1.58 60.8 
76 77° 30° 4’ 1.68 2.35 70.5 

7 100 79° 55’ 8’ 1.44 3.64 82.7 


There is a possible error of two per cent. in ” and three per cent. in k. 


The two end points are taken from Drude.' 
The curves plotted between the optical constants and the per cent. of 


aluminum indicate the formation of the compound CuAl but there is 


not much evidence of the presence of the other two compounds, which 
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are more clearly indicated by the 
thermal data, as previously men- 
tioned. The only available elec- 
trical conductivity data on these 
alloys show a rapid decrease in the 
conductivity of copper for small 
additions of aluminum and there is 
a possibility that further study of 
the electrical conductivity would 
more conclusively prove the forma- 
tion of CuAl than of either Cu;Al 
or CuAl. 


CopPER-NICKEL ALLOoys. 
These alloys belong to a class 
containing only one form of homo- 
geneous mixed crystals for all pro- 


portions, but forming no compounds, and having a characteristic elec- 


trical conductivity and melting point curve as already stated. 


They 


were formed by melting weighed proportions of the pure metals in gra- 
After standing for four hours in the melted state in 


phite crucibles. 


order that diffusion might be complete, they were cooled oveJ night in 
the furnace, this giving a thoroughly homogeneous mixture. 


In alloys containing high percentages of nickel some graphite was 
absorbed but as was shown by reweighing after melting the whole amount 








was less than one per cent. 


1 Ann. der Phy., 39, p. 481, 1890. 
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Circular sections of about three centimeters in diameter were polished 
and gave good reflecting surfaces. The grinding was done by a method 
similar to that used for the copper-aluminum alloys, and the pitch tool 
process of polishing proved satisfactory. 

Direct measurements of @ and 2y give the following results: 


Copper-Nickel Alloys. 


No. _ ah ia $ 2 - Per Soe, 
1 00 71° 35’ 77° 54’ 641 4.08 83.5 
2 25 75° 58’ 66° 12’ 1.61 2.15 66.6 
3 40 is 4a" 57° 46’ 2.09 1.47 56.2 
4 50 a Se 58> 32’ 2.33 1.55 61.0 
5 60 76° 15’ 59° QO’ 2.12 1.55 58.7 
6 75 75° 30’ 59° 9’ 2.01 1.57 57.7 
7 100 727 63° 22’ 1.79 | 1.85 62.0 


There is a possible experimental error in n of three per cent. and in k 
of four per cent. 


‘ 


Drude! gives the values of m = 1.55 and k = 2.14 for ‘“‘coin metal” 
of approximately 75 per cent. cop- 

per and 25 per cent. nickel. This , L ALLOYS 

is in satisfactory agreement with 
the above values. 

Bernouilli? gives the values of 
n = .886 and k = 4.54 for 3.94 per 
cent. Ni, and m = 1.67 and k = 
2.61 for 17.3 per cent. Ni, which 
values do not agree with those here 
determined. However he uses an 
approximate formula; this, and a 
difference of polish could easily 





° }\ 
account for the discrepancy be- ~ 
tween our results. (in) n and % Nickel by Vetume 
r Th) &« and ‘“% Nickel by Volume 
The curve plotted between k and ie} Msttet Genta 


the per cent. of nickel by volume Fig. 7. 
has very approximately the same 
general form as the conductivity curve determined by Feusner which is 
given for comparison. The curve between m and the percentage com- 
position is the reverse. At least it can be said that the maximum m and 
the minimum & are found for the composition giving the minimum elec- 
trical conductivity. 

1 Ann. der Phy., p. 523, 39, 1890. 

2? Verhand. der Phy. Gesellsch. zu Berlin, 109, 10, 1909. 
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TRON-CoPPER ALLOys. 

Electrolytic iron and pure copper were melted in weighed proportions 
in a marquardt crucible, being held in the melted state for several hours 
and then cooled slowly. Stead! has shown that this method gives uniform 
proportions throughout the mixture. 

There seems to be considerable difference of opinion among investiga- 
tors as to the character of these alloys. Stead' claims that copper and 
iron are miscible in all proportions when free of carbon. Pfeiffer? main- 
tains that the copper is only held in suspension in the iron, and Sahman* 
that there are two forms of crystals between three and eighty-nine per 
cent. copper by volume. If this latter statement be true the observations 
on this series cannot be said to determine much, for the reasons previously 
mentioned. 

The same method of polishing which was applied to the aluminum- 
copper series was followed in this case. 

Direct measurements of ¢ and 2y give the following values. 


Iron-Cop per Alloys. 


Bo. - war: _ e a : . ae 
1 0 71° 35’ 77° 54’ 641 | 4.08 83.5 
2 27.6 73° 50’ 59° 15’ 1.77 1.53 52.8 
3 53.4 75° 36’ 54° 57’ 2.24 1.32 51.8 
4 77.6 77°17" 53° 40’ 2.62 1.30 57.5 
5 100 77° 07’ 55° 38’ 3.41 1.41 58.5 


There is a possible experimental error of 2 per cent. in 2 and 3 per cent. 
in k, 

The curves obtained by plotting » and k against the per cent. of iron 
by volume seems to be a straight line between 75 per cent. iron and 25 
per cent. iron, but breaks very suddenly between these points and the 
ends. Conductivity data for any great range of composition are not 
available, but so far as known they show that small additions of iron to 
copper decrease the conductivity considerably. 


DISCUSSION. 
The above work brings out two points of interest. The first is the 
fact that for these six groups of alloys no increase in reflecting power over 
that of the pure metal is gained by alloying with a metal of a lower reflect- 


1 Engineering, 851, LX XII., rgor. 
2 Metallurgie, 281, III., 1906. 
3 Zeits. an. Chem. G., LVII., 1908. 
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ing power. This is different from the results of Bernouilli! who obtains 
values for ” and k for an alloy of 5 per cent. zinc and 95 per cent. copper 
which give a computed reflecting power of 91.2 per cent., while Drude 
gives the reflecting power of pure copper as 83.5 per cent. and of pure 
zinc as 78.6 per cent. The other point of interest is the fact that the 
optical constant curves are straight 





(OPP R-ARON AMLOYS 


























lines for the alloys of iron with 
nickel and with manganese, and 4° #&———-—--—-—+ as i a 
the alloys of nickel with silicon; s,- f&~—j-—j-_4}_-4_ | _1 — oon 
and on the other hand the optical 5,2 [|_| j/ | | | | | j | | 
constant curves depart very mark- ,,|\) | | | | atm 
edly from this linear form forthe ,,{ \) | | | | yap 477 
alloys of copper with iron, nickel, - | | = ‘i yey 
and aluminum. fh ED ae | 
Before forming any hypothesis ~ [~ | > aa wl gay |_| 1 4 
for an explanation of these forms “[/7—]~|~|~1 | 1 1 1 
of curves it will be well to review “ | 7 | ig war 
some of the other physical proper- ¢ 4 | 1 al ; r J joa 
ties of these alloys and the metals pr pron Pd Ps rm 
forming them. The first thing to Fig. 8. 


be noticed is that the ‘“‘linear 

class"’ of alloys is formed of metals of a low electrical conductivity, while 
the ‘‘non-linear"’ class always has as one constituent a metal of relatively 
high electrical conductivity. This leads to the assumption that the linear 
relation is due to the low electrical conductivity of the two component 
metals. But some of the alloys of the coppernickel series have electrical 
conductivities much lower than either iron or nickel and just as low as 
any of the iron-nickel alloys. However this is further evidence in favor 
of the assumption, since the corresponding optical constant curves as 
here given are approximately straight lines beginning with the point of 
maximum resistance and ending with the metal of highest resistance.* 

1 Bernouilli, Zeit fiir Elect. Chem., p. 15, 1909. 


? Lorentz (Theory of Electrons, p. 147) has derived the expression 


n?—1 _ (my? — 1) _ (ne? — 1) 
= i . a 
n?> +2 ny? + 2 nz + 2 


connecting the index of refraction of a mixture of dielectrics (m) with the indices of refrac- 
tion of the components (m1, m2), and the volume percentages of the components present 
(Vi, V2). It has been found that the indices of refraction of the linear class of alloys (iron- 
nickel, nickel-silicon, iron-manganese) satisfy the Lorentz equation for the most part within 
the error of observation. It is impossible without further data to decide which relation (the 
linear or the Lorentz) is the fundamentally important and which accidental. For alloys 
containing a low resistance metal, however, the Lorentz relation does not hold at all. 
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SUMMARY. 

1. The alloys of iron with nickel, two metals with very similar prop- 
erties, which contain a doubtful compound, have been studied. Although 
the alloys have quite different properties from those of the pure metasl 
the optical constants changed linearly with the change in the volume 
proportion of the two metals, and not as any of the other physical 
properties change. 

2. The optical constants of nickel and silicon, two metals of quite 
different properties, the alloys of which form compounds, have been 
determined up to forty-seven per cent. silicon by volume. The linear 
relation between the optical constants and the proportion by volume is 
well illustrated. 

3. Iron and manganese, two metals the alloys of which form mixed 
crystals, but no compounds, have been alloyed and the optical constants 
of the alloys determined. There is a linear change in the optical constants 
as the proportion of the metals is varied. 

4. The optical constants of the alloys of copper and aluminum have 
been determined. This series contains three compounds and the forma- 
tion of one is clearly indicated by optical data. 

5. The optical constants of copper and nickel, two metals forming no 
compounds but being thoroughly miscible in all proportions, have been 
determined. 

The optical constants do not change linearly, but follow very approxi- 
mately the change in the electrical conductivity. 

6. The optical constants of iron-copper alloys have been determined. 

The curve plotted between the optical constants and the percentage 
composition has the general form of the characteristic conductivity 
curve belonging to this class of alloys. 

7. It can be observed from the data on these alloys that there is no 
increase of reflecting power gained by alloying with a metal of lower 
reflecting power. The Lorentz law of refractivitv deduced for dielectrics 
holds for high resistance metals but not for low. 


DEPARTMENT OF PHYSICS, 
UNIVERSITY OF WESCONSIN, 
June, Igrt. 
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THE ACOUSTIC SHADOW OF A RIGID SPHERE, WITH 
CERTAIN APPLICATIONS IN ARCHITECTURAL 
ACOUSTICS AND AUDITION. 


By G. W. STEWART. 


HE discussion in this paper is limited to cases where the source of 
sound is located on a rigid sphere. 

It is an extension of the work of Lord Rayleigh, and had as an incentive 
a query arising in architectural acoustics. 


THEORY. 

The medium in which the vibrations occur is assumed to be uniform 
and to have perfect fluidity. If u, v, and w are the velocities of the 
particles in the directions of rectangular codrdinates, and p the density, 
the equation of continuity is 


Op . O(pu) . A(pv) . A(pw) ha 
ut ee Te * wo 
Let p = po(1 +s), where s is termed ‘‘condensation,’”’ and insert in 
the above equation. If we assume the wave length to be long in com- 
parison with the amplitude of vibrations, we can neglect terms similar 
Os Ou Os Ou 


tO pol ro and pos a in comparison with po at and po rm 
We then have 
Os Ou Ov ow 
at’ ax * ay * — (1) 


From this equation and the assumption that the forces are conservative, 
Lord Kelvin! showed that 


D 
at (udx + vdy + wdz) = oO. 


This equation indicates that (udx + vdy + wdz) is a perfect differ- 
ential. Placing it equal to y, we have 


ay dy ay 


— = tu = 9, = W. 
Ox 


and y is the velocity potential. 


1 Rayleigh, Theory of Sound, Vol. II., page 7. 
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We have from the general theory,' if the impressed forces are zero, a? 
. @ 
representing ~~, 
Op 


If the vibration is assumed simple harmonic, then the velocity and 


velocity potential are simple harmonic functions. Therefore, 


‘ 
<7 . 
where k = and a is the velocity of sound. 
wave-length . 
Substituting these values in (1), we have our general equation for 
aerial vibrations, 
oy Oy ey 
— Tas tf as t+ PY = O. (3) 
Ox oy" Os” 


Expressing (3) in spherical coérdinates, and multiplying by 7°, we have: 


oy Oy I @a ( é Oy I oy 
r° + 2r-. : -{siné . - 5 k’r?y =o. ) 
or + sin 600 06 + ° \4 


or sin? 6 dw* 


The solution’ of this equation is an infinite series, one term of which is 


ee i ce :; : 
Yn = — er f,(ikr) + et*rf.(— tkr), (5) 
r r 
where S, is a spherical surface harmonic of degree n, and 
t (ibp) 4 me (1 — 1)-+-(n + 2) 
ikr) = 1 —., 
- 2-tkr 2-4: (tkr)? 
‘ (6 
Pp aot. bed at 4 I-2-3:++2n Si 


2-4:6-(ikr)® 2-4°6-2n(ikr)"” 
Inasmuch as y is assumed a simple harmonic function of the time, we 
may write 


, 
n 


_ ae £ ' 
Yn = [ , © dnltkr) + ; etirf,,(—1kr) | gn 


Se ikiat , . ay ikvat - . ‘ (7) 
=— ee — OF (ikr) + : ee + f,(— skr) . 


The first term must represent a disturbance travelling outward, and 
the second a disturbance travelling inward. If we assume a rigid sphere, 


1 Rayleigh, Theory of Sound, Vol. II., p. 15. 


2 Ibid., p. 237. 
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and locate the source upon it, the second term disappears, and we have 


_ 


~n 


Y. = P e'—” f, (kr). (8) 


Assume that in the source the velocity is normal to the sphere, the 
kat ° 

“a, U being 
a function of the point considered. U can be expanded in a series of 


radius of which isc. Let this velocity be represented by Ue 


surface spherical harmonics, 


U=UtUitUst+-+:: + Unt 


When r =, 


In __ TT that 
ies Une"; 
and from (8), 
ae Sr erere fx(ikr) 
~— Un (ike) ’ 
where 
F,(ikr) = (1 + tkr)f,(ikr) — tkrf,’(ikr), (9) 
and, finally, 
———— c ik(at—r+c) Unfn(ikr) 
a ~~ > Fike) (10) 


The problem before us is to find the intensity of sound at any point, 
the sphere being rigid and hence neither absorbing nor transmitting 
the sound. In as much as our deductions are to be applied to archi- 
tectural acoustics where the ear is the receiving instrument, we will 
consider intensity as referring to the potential energy, or energy due to 
s, the condensation. The reader should be reminded that in this prob- 
lem, the kinetic energy of the progressive wave is not equal to the po- 
tential energy, since, in general, this would be true only of a plane pro- 
gressive wave. The conditions of the problem preclude the possibility 
of a plane wave. 

It can be easily shown that the energy per unit volume due to a con- 
densation s is 44poa*s* where dp is equal to posa®.!' Referring now to (2), 


ae 


we have the energy per unit volume or the ‘‘intensity’’ proportional to 


) 
ot : 

If, now, we wish to compare intensities, we need merely to find the 
values of the relative intensities by means of the above expression. 


Rayleigh? has utilized (10), assuming the source confined to a small 


1 Rayleigh, ibid., p. 15. 
* Rayleigh, ibid., page 254. For large values of kc, Rayleigh has put the solution in more 
convenient form. See Phil. Trans. of Roy. Soc., A, 203, p. 87. 
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area on the sphere in the neighborhood of @ = 0, and obtains the following 
solution for the relative intensities at a great distance from the center 
of the sphere: 
Relative intensities are proportional to F? + G* where 
2 2n + 1 aP, (yp) 
ita > 2 a’ + B* : 


“ay an + 1 BP, (pu) 
alt er ow 


and 


F(tkc) = a+ 18. 


The values of a and 8 were obtained from (9) and (6). 

We shall now consider the case where r is not great, and thus obtain a 
more general solution of the problem of the acoustic shadow. Equation 
(10) is simplified if we impose the conditions of our problem upon the 
general expression for U,. U, is the nth term of the surface spherical 


harmonic series,! 
n= = mt ” 
f(u, w) = ; [ 0, nPn(u) + Dd. (Am, n cos mw + Bry sin ma)P."(u) | , 
n= m=1 


where 


an+1 (*" *+1 
Ao, a = | dw | f(p, w)P»(u)dy, 
: 47 e/0 e/—l1 ‘ 
2n+1(n—m)! (** “+1 
Am — | i: ’ P, m( ) 1 
. a tn el, dw f(u, w) Cos mw (u)du, 


2n +1 (nm — m)! 
Ba, a= io at a f dw f(u, w) sin mwP,™(u)dyp. 


If we assume the velocity U to have the same value over the small area 
where uw = I, then, 


a eS = ' P(x) { UPa(uddu, 


since the coefficients A», , and B,,, ,» become zero. 
n(é) = I, in the region where U is finite; du = sin 6d6; element of 
area, dS = 27nc* sin 6d6; therefore, 


U, = 1(2n +1)P, iu) J Udn = ms *” patw) | f vas. 


Equation (10) therefore becomes 


, = at—r ; 2n + Ip fn(tkr) 
y=- 5F Uds2 Pau) 'r,(ikc)" “ 





1 Byerly’s Fourier’s Series and Spherical Harmonics, p. 204, using our symbols. 
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We shall now proceed to find the relative intensities at a distance r 
from the center of the sphere, remembering that the relative intensities 
are proportional to y. 

From (11), 


oe ika we { [vasx*** T Dy) fn(ikr) 


2nr F,,(tkc)” 
Let 
r ik . . 
y= — ane eta —r+e) ( F iG) {| UdS, (12) 
where 
so taht 2n+1.. . faltkr) 
F + 1G == > 2 P,(u) F,,(ikc)’ (13) 


Inasmuch as y is proportional to the condensation, we may take the 
real part of (12) which is 
P k “2 7. 
y= (F sin y + G cos y) | | UdsS, (14) 
2mr e e 
where 
y = k(at—r+c). 
In determining the intensities, we are concerned only with the average. 


Taking (14), squaring, and preserving only those terms which contribute 
to the average value, we have 


= (F+@) (2° f fuss). 


Or, since relative values are desired, and intensity of source is assumed 
constant, we use the fact that ¥* is proportional to F? + G’. 
It remains to determine the values of F and G. 


Let 
fnr(ikr) = a’ + 18’, (15) 
F,(ikc) = a + i. (16) 
Then according to (13), 
an+1 a’ + 1p" 
F+iG=> 2 Paw) os ig 


The following must then hold, 


‘i e+ Bt (17) 
an+1 8’ — a’B 
Go ZE-. Pel ae (18) 


To solve a problem, then, the values of a, a’, 8, and 8’ in (15) and (16) 
are found by using (6) and (9); the substitution is made in (17) and (18); 
the relative intensities are then obtained by adding F* and G. The 
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forms of the functions F and f, as far as m = 6 are given in the following :! 


Foy) =y +1, 
Fi(y) = y+ 2+ 2y7, 
RQ) = y+ 4+ oy + oy", 
F;(y) = y+ 7 + 27y" + 60y + 609%, 
Fy) = y + 11 + 65y! + 2goy? + 525y* + 52% 
F5(y) y + 16 + 135y7 + 7359-2 + 2625y-% + 567094 + 5670y-5, 
Fe(y) = y + 22 -+ 252y"! + 1890y~* + 9765y* + 340209 
+ 72765y* + 72765), 


y™, 


cn 


foly) = I, 

fAty =1+y", 

fly) = 1+ 39' + 37”, 

Ss(y) = 1 + 6y" + I5y* + I5y%, 

faly) = 1 + 10y" + 45y? + 105y* + 105, 

f(y) = 1+ 1591 + 1O5y* + 420y% + 945y* + 9459, 

fey) = 1 + 21y7' + 210y + 1260y + 472594 + 10395y% 

+ 10395y~°. 

The procedure is readily carried out if r and the wave length are some- 
what larger than c. The desired accuracy can be obtained by taking a 
sufficient number of terms. 


THE VARIATION OF SOUND INTENSITY WITH DIRECTION IN THE 
NEIGHBORHOOD OF A SPEAKER. 

A question arises in architectural acoustics as to the effectiveness of 
reflecting surfaces in the neighborhood of a speaker, and the preceding 
theory furnished an opportunity for the computation of intensity in an 
ideal case which approximates the actual. It is assumed that the speaker 
is replaced by a rigid sphere, and that the source of sound is confined to 
the vibration in a small area of the sphere. 

For computation, the sphere is assumed to be 60 cm. in circumference, 
and the wave length 120 cm., approxi- 





A A mately that of middle C. The theory is 
ee now applied for a given value of 7, the 
“es angle @ being made to vary. The accom- 

‘ in ; panying Fig. 1 shows the geometrical rela- 
ak 1a". tions. @ is zero directly in front of the 

Fig. 1. speaker, and 180° directly in the rear of 


the speaker (the sphere). 
Computations have been made, using the values of c just given, 
several values of r and the following values of @: 0°, 30°, 60°, 90°, 120°, 


1 The forms of the function F are reproduced from Rayleigh’s Theory of Sound, Vol. II., 
p. 238. 
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150° and 180°. The computations for the distance of 477 cm. (ke = 0.5 
and kr = 25) follow. The values of a, a’, 8 and 8’ were obtained by 


substituting the above values of r and ¢ in (6) and (9), and are shown in 


Table I. 


TABLE I. 
2n41 an +1 
, a’ - a 
, a 8B a B + Ba’ ap’ a’B - 
+ B2 * a? . g2 re 
0 1.000 1. 0.500 + 1.0000 0.0000 +0.4000 — .20000 
1 ~ 2.000 — 3.500 +1.0000 — .0400 + 19753 + .31569 
2 — 32.00 — 7.500 + .9952 — .1200 | — .05589 + 03995 
3 — 233.00 + 426.5 + .9760 — .2390 — .004880 — .005340 
$ +7,451 +4,070.5 + .9282 — .3932) +3,317x1077 — 4,187x107 
5 +8,779X10 —1,607.0X10? + .8344 — .5732 +2,706«10-8 +13,652x10- 
6 —4,12010® —2,250.0108 + .6759 — .7604  —3,16410- +13.728 «10-4 
@-o “ P 6-180 e “ 
0 1.0000 L 40000 — 20000 + 1.0000 +-. 40000 — .20000 
1 1.0000 119753 +-.31569 — 1.0000 —.19753 — .31569 
? 1.0000 — 05589 4+..03995 +1.0000 —.05589 + .03995 
3 1.0000 — 00488 — 00534 — 1.0000 00488 +.00534 
| 1.0000 .00033 — .00042 +1.0000 + 00033 — .00042 
5 1.0000 + 00002 + 00001 — 1.0000 — .00002 — .00001 
6 1.0000 00000 .00000 + 1.0000 .00000 -O0000 
+.53711 +.14989 +.15179 — 47083 
=F =G =F =G 
F?+G? =0.3108. F?+-G*=0.2446. 


In finding the value of P,(u) for negative values of yu, the relations 


Pins (90° + 0) = — Pons, (Q0° — 0), and Po 


— 











| 
4 i 
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were used. The values for F? + G for the angles not given in the table 
were found to be 0.294 for 30°, 0.260 for 60°, 0.231 for 90°, 0.277 for 120°, 
and 0.237 for 150°. These values are plotted in Curve 1, Fig. 2, the one 
directly in front of the source, @ = 0°, being given the value unity. The 
other curves exhibit the results for other distances. Of course the 
computed points are quite widely separated and the curves between them 
may not be correct. Computations for other angles would be needed if 
for any purpose greater accuracy is required. When r = ©, the results 
agree with those obtained by Rayleigh, to which reference has already 
been made. 

The results for two of the distances are again plotted in Fig. 3 for 


Fig. 3. 


clearness. The curves in these figures show the presence of a minimum 
first mentioned by Lord Rayleigh, the variation with distance, indicating 
that the shadow is more marked the closer to the sphere (or to the 
speaker), and the importance of the reflecting surfaces in every direction 
in the neighborhood of a speaker. 


TABLE II. 


Wave length, 240 cm., kc =0.25, kr =12.5. 


n a B a’ Bp’ 
0 + 1.000 + 0.2500 +1.000 0.000 
1 + 2.000 - 7.750 +1.000 — .08 
2 — 140.0 — 35.75 + .9808 — .24 
3 — 953. +3,732 + .9040 — 4722 
4 +1,305 x 10? +3,334 x10 + .7163 — .7463 
5 +1,439 x 10° — 5,638 x 10? + .3667 — .9881 





But we need to know what effect is produced by changing the wave 
length, the distance remaining constant. This effect I have ascertained 
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Wave length, 60 cm., kc =1.0, kr =50. 
n a B a’ p’ 
0 + 1.000 + 1.000 +1.000 0.000 
1 + 2.000 ~ 1.000 +1.000 — .0200 
2 - 5.000 = 8.000 + .9988 — .0600 
3 — 53.00 + 34.00 + .9940 — .1198 
4 + 296.0 + 461.0 + .9820 — .1992 
5 +4,951 — 3,179 + .9852 — .2966 
Wave length, 30 cm., kc =2.0, kr =100. 
n a B a’ B’ 
0 + 1.000 + 2.000 + 1.000 0.000 
1 + 2.000 + 1.000 +-1.000 — .010 
2 + 1.750 | — 2.500 | + .9997 — .030 
3 — 8.000 - 4.000 + .9985 — .05998 
+ — 16.19 + 35.12 + .9955 — .09998 
5 +186.6 + 85.44 + .9895 — .1495 
6 +538.8 + .9789 


—1,177.3 — .2087 


by adopting wave lengths one octave lower, 240 cm., one octave higher, 
60 cm., and two octaves higher, 30cm. The distance, r, remains 477 cm. 
The following table gives the values of a, a’, 8, and #’ for these three 
additional wave lengths. 

The results of computation! with the above values are exhibited in 
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is 30° s to” 7°) 69” ros* (8 43S” 1 FO" iG Ae 
Fig. 4. 

the curves of Fig. 4,2 together with the values already given for the same 

distance and 120 cm. wave length. 


1 The computations involved in Figs. 2 and 3 have been very carefully checked and are 
correct to four significant figures. Those exhibited in Fig. 4 have not been so carefully checked, 
but are thought to be correct to three significant figures. 

? The dotted curve represents Rayleigh’s results for KC =10, which are referred to elsewhere. 
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It is here to be observed that a change in pitch makes a marked differ- 
ence in the shadow. With the wave length 240 cm. there is no minimum 
discernible. The variation between the 240 cm. and 120 cm. curves is 
much less than between the 120 cm. and 60 cm. curves. This shows that 
the shadows at first change slowly with diminishing wave lengths or 
sounds of higher pitch. Clearness of enunciation depends largely upon 
tones considerably higher than the fundamental. It is evident, then, 
that no curve can be drawn which truly represents the shadow, for the 
effective shadow (judging by clearness) would be different for different 
vowels, for different consonants, and hence for different words. We are 
compelled to leave the matter in this indefinite state, utilizing the curves 
already exhibited as a general guide. These curves probably limit all 
others representing the shadows which would occur with the tones in the 
selected three octaves, so that they give a fair picture of what occurs 
for that particular range. 

Our conclusions are: (1) that an exact statement of the importance of 
reflecting surfaces in various locations cannot be given, even admitting 
the approximation involved in the substitution of the sphere for the 
speaker, for clearness of speech depends upon very complex tones; (2) 
that the intensity in the rear is generally (not for a wave length of 30 cm.) 
greater than at any point in the rear hemisphere surrounding the speaker; 
(3) that the results exhibited in the accompanying curves are sufficiently 
definite to indicate that the reflecting surfaces at any point in the neigh- 
borhood of a speaker are too important to neglect. It is to be noted 
that the effectiveness of reflecting surfaces is not here being discussed 
save in so far as that effectiveness is determined by the intensity of 


sound. 


APPARENT INTENSITY OF SOUND FROM A SOURCE AT A DISTANCE AS 
DEPENDENT UPON THE POSITION OF THE HEAD. 


The above topic is of considerable interest because of its bearing upon 
the perception of sound direction. Rayleigh' has discussed the effect 
of the position of the head upon the ratio of the sound intensities at the 
two ears, with the source at a distance great in comparison with the 
wave length of sound. The theory developed in this paper makes 
possible its application in case the source of sound is not at a great 
distance. The application is made possible by Hembholtz’s reciprocal 
theorem. This may be stated as follows: 

“If in a space filled with air which is partly bounded by finitely 


1 Rayleigh, Phil. Mag., XIII., 1907, p. 214. 
2 Rayleigh, Theory of Sound, Vol. II., p. 294. 
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extended fixed bodies and is partly unbounded, sound waves be excited 
at any pont A, the resulting velocity potential at a second point B is 
the same both in magnitude and phase as it would have been at A had B 
been the source of sound.” 

The preceding theory found the relative intensities with varying 
angle @ at a given distance from the center of the sphere with the source 
at A (see Fig. 1). Thus the relative intensities at points A’, A”, etc., 
were obtained. The reciprocal theorem states that the velocity potential 
at A, when the same source is removed to A’, is equal to the velocity 
potential which was formerly at A’. Thus with the source at A’, the 
velocity potential at any and at all points of the sphere can be ascer- 
tained. 

Inasmuch as the reciprocal theorem states that the veloctiy potential 
is the same in phase as well as magnitude, then the values of y and ¥* can 
be considered the same. We can thus use the reciprocal theorem to 
refer to intensities (due to pressure) as well as to velocity potentials. 

The values for intensities will be taken from the curves already ex- 
hibited, the assumption being made that the head approximates a rigid 
sphere, with the ears diametrically opposite. In obtaining the sum! of 
the relative intensities at the ears due to a source of sound at a distance 
r, we will need to add the values for 6 and (180° + 6). Since the in- 
tensity at (180° + 6) is the same as at (180° — @), we will obtain the 
sum by adding @ and the latter. 

The effect of distance upon the apparent intensities will first be con- 


sidered. In the accompanying Fig. 5 are exhibited the results obtained 























Fig. 5. 


1The sum of the relative intensities is plotted in preference to the ratio of intensities. 
Reasons for this will be made clear in a subsequent paper. We here assume that the 
apparent intensity is the sum of the two intensities, and the relative values of the sum are 
plotted in Fig. 5. It should be noted that no attention is paid to phase differences. 
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when the source is at 477 cm., and at 19.1 cm. The curves describe 
the effect with 180° rotation of the head, although 90° would have been 
sufficient. The resulting apparent intensity is the greatest when the 
diameter connecting the ears is in the direction of the sound source. 
Also, the variation of the apparent intensity with the position of the head 
is more marked the nearer the source to the hearer, the maximum in- 
tensity being sharper and the maximum variation greater. 

In Fig. 5 are also exhibited the relative apparent intensities for the 
wave lengths 240 cm., 60 cm., and 30 cm. Here are also represented 
by the dotted lines the results of Rayleigh' for kc = 2 (wave length 30 
cm.), and kc = 10 (wave length 6 cm.), r being considered infinite in both 
cases. It is evident that in each case the position of the maximum 
apparent intensity is that of o°-180°, or the ear toward the source. 
Furthermore, the maximum apparent intensity is more sharply marked 
as the pitch of the sound becomes higher. 

The fact that the position of the minimum does not remain at 90° with 
decreasing wave length is somewhat surprising. A reference to Fig. 4 
and a recognition of the movement of the minimum intensity toward 
180°, shows why the apparent intensity in the 90° position should not 
continue to be a minimum with increasing frequency. 

As pointed out by Rayleigh, one of the factors of importance in the 
location of the source of sound is the variation of apparent intensity with 
the position of the head. The evidence from these curves would be that 
for low tones, the intensity factor is not very effective, for the apparent 
intensity is almost the same in any position. With tones somewhat 
higher, this factor would seem to become more effective. But with 
tones still higher, wave length 30 cm. and less, its importance again 
diminishes. The dotted lines can be considered as an approximate 
representation of what occurs at the wave lengths stated and a distance of 
477 cm. 

The foregoing results are obviously only approximate, for we have 
assumed the head to be equivalent to a rigid sphere with the ears dia- 
metrically opposite. With this limitation we can conclude: (1) that the 
apparent intensity is always greatest when the head is turned with an ear 
toward the source, the 0°-180° position; (2) that the variation of the 
apparent intensity with the position of the head is more marked the 
nearer the source to the hearer; (3) that with decreasing wave length 
the maximum value of apparent intensity occurs with greater sharpness; 
(4) that the maximum variation of apparent intensity is least with 
lowest tones; (5) that the maximum variation of apparent intensity does 


1 Rayleigh, Phil. Trans. Roy. Soc., A, 203, p. 87. 
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not increase without limit, for at wave length 30 cm. it has already 


commenced to decrease. 


SUMMARY. 


This paper discusses the acoustic shadow of a rigid sphere in terms of 
intensities due to pressures, when the source is located on the sphere and 
when the distances at which the intensities are determined are not large 
in comparison with the sphere. The analysis of the problem is pre- 
sented and two applications of the solution are presented: (1) the effec- 
tiveness of reflecting surfaces when placed in various positions in the 
neighborhood of a speaker, the effectiveness being judged by the intensi- 
ties only; (2) the apparent intensities of sound from a source at a distance 
as dependent upon the position of the head, which is of interest because 
of its bearing upon the perception of the direction of sound. The con- 
clusions are presented with sufficient brevity under the topics discussed. 


PHYSICAL LABORATORY, 
STATE UNIVERSITY OF IOWA. 
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ARTIFICIAL ROTATORY POLARIZATION. 
By ARTHUR W. EWELL. 


INTRODUCTION. 

N 1899 the writer discovered that a twisted je lly cy linder shows rotatory 
polarization, the plane of polarization being rotated in the opposite 
direction to the twist. During the next four years the following quanti- 
tative relations were established and published.!. The rotation is inde- 
pendent of the distance ot the path of the light from the axis of the twisted 
cylinder, but decreases with increasing obliquity between these two 
directions; is increased by inclosing the jelly cylinder within a tightly 
fitting rubber tube; is independent of hydrostatic pressure; decreases 
with rise of temperature; and usually exhibits mechanical, and resulting 
optical, relaxation effects. The rotation of rubber-covered jelly cylinders 
Was proportional to a high power of the twist, the mean value of this 
power being approximately four, and the rotation increased with longi- 

tudinal compression. 
This investigation was resumed two years ago with improved appa- 

ratus and materials. 

APPARATUS. 

All observations of the rotation were made with a Schmidt & Haensch 
half shade polarimeter. Sodium light was usually used. When a more 


intense light was required, a 











is Nernst lamp was employed with 

a — abiquartz cut for sodium light. 

3. ae ad In studying the dispersion, three 
Hehe [iis @ 5 BGs aS approximately monochromatic 
g Pecan — Br | lights were obtained by filtering 
— — =— the light from an electric arc 
Fig. 1. through glass cells filled with 


Landolt’s solutions.” 
Fig. 1 (a) represents the final form of apparatus for applying and 
measuring twists. The clamps, A, can be fastened at different points 
on the bar, C. The upper portion of each is curved, and slotted at P, 


1Am. Jo. of Science, VIII., 1899, p. 89; XV., 1903, p. 363; Phys. Zeit., I., 1899, p. 201; 
V., 1903, p. 706; Johns Hopkins Univ. Cir., 1900, p. 64. 
2 Mann, Manual of Advanced Optics, p. 185. 
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so as to fit the tray of the polarimeter, and permit rotation (change of 
azimuth) of 135° without displacement of the axis. Each clamp is care- 
fully bored to receive a tube, F, the axis of which coincides with the 
axis of the polarimeter when the clamps rest in the tray. The edge of the 
hole was graduated into 10° intervals (B), and each tube, F, was ruled 
longitudinally with eight lines 45° apart. Rubber-covered cylinders 
(Fig. 1, 6) were held by nipples, Z, which screwed into both the tubes of 
the jelly cylinders and the collars, D. The glass plates of bare cylinders 
(Fig. 1, c) and the fiber disks of glass rods, were held by slotted collars, L, 
which replaced the collars, D. F’ was clamped by the screw k’ and the 
cylinder was twisted by rotating F, the angle being read on B, any con- 
venient one of the lines on F being used as an index. The azimuth in the 
polarimeter tray was read by a scale on the outside of A. 

In accordance with the customary notation of polarimetry, dextro- 
rotation will be called positive, 7. e., a positive rotation or twist is one 
which appears clockwise to the observer of either the light or the twisted 
cylinder. The position of the analyzer was always observed for at least 
four different azimuths of the torsion apparatus just described, successive 
azimuths differing by 45°. The rotation was deduced from the average 
of the four readings. The jelly itself is “‘active,’’ and the natural rotation 
was always observed for each color, and subtracted. 


MATERIALS. 


Glass.—Two circular glass rods, over 20 cm. long and 4.9 mm. in 
diameter were obtained from Carl Zeiss, of Jena. The ends were very 
plane and no strain was discernible in polarized light. Fiber disks were 


‘ 


slipped over the ends and attached with ‘‘cementium.’’ One of these 
rods was later ground to an elliptical cross section, the two diameters 
being 4.86 mm. and 4.18 mm. 

Jelly—The mechanical and optical properties of jelly preéminently 
adapt it for such investigations. The most satisfactory jelly consisted 
of gelatine, water and glycerine in the proportion of one gram of gelatine! 
to 4 cm’ of water plus 3 cm* of glycerine. Air bubbles are excluded with 
difficulty if more gelatine is used, and, if the jelly is made thinner, 
relaxation effects become troublesome. A weighed mass of gelatine was 
allowed to absorb nearly the required amount of cold water. Surplus 
water was removed, and the pulpy mass was weighed The deficient 
water was then added, together with the glycerine. The whole was 
gradually heated and stirred until all the gelatine dissolved. The liquid 
was then filtered, both filter and beaker for filtrate being surrounded by 


1 Gelatine No. 201, of Paul Koepff, Goeppingen, Wiirtenberg. 
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steam jackets. Careful stirring immediately before pouring into the 
mould prevented inhomogeneity. 

The rubber covered jelly cylinders were constructed as follows. A 
circular glass plate which had been cemented to one end of a slightly 
smaller threaded brass tube, was inserted into each end of a slightly 
smaller tube of pure gum rubber (Fig. 1, 0). Wire bands secured the 
rubber and brass tubes. Melted jelly was poured into the tube through 
a slit in the side, air bubbles being carefully excluded, and the jelly was 
allowed to solidify while the tubes were held in alignment. 

Bare and metal-covered cylinders required more elaborate preparation. 
A thin layer of jelly will adhere strongly to glass if it solidifies under 
exposure to the air, and masses of jelly will adhere if they are partially 
liquid when brought into contact. A large body of jelly only adheres 
to glass by suction, and they separate under strain unless there is an 
assisting envelope. The following method of attachment was however 
successful. Two suitable glass plates were covered with a thin layer of the 
jelly. When this had set, they were again dipped in the melted jelly and 
immediately clamped in a frame, one parallel to and directly above the 
other. A metal or paper tube was immediately placed upon the lower 
plate, and melted jelly was poured into the tube until about to overflow, 
when the upper glass plate was lowered upon it. Stops held the tube 
in correct alignment with the glass plate. Both interior and exterior 
of the tube were lubricated with vaseline, and when the jelly solidified, 
it did not adhere to the tube, 
but did adhere strongly to the 








glass plates. If a bare tube was 





desired, a paraffined paper tube 

















was used, which was cut away 
after the jelly had solidified. 
In the final experiments, the 





jelly was cast between the plates, 
A, A, or A’, A’, of Fig. 2 (a) 
Fig. 2. and (b). The inside of these 





plates was plane. The moulds 
were closed by vaselined strips of lead, which were held against the 
plates by wire bands. The whole was then placed in a slightly larger, 
vaselined, brass tube closed at one end. One of the glass cover plates, 
B, was removed for pouring in the jelly. When the jelly had solidified, 
the brass tube was slipped off, and the lead strips removed, leaving either 
an helical or straight cylinder of rectangular cross section. 
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EXPERIMENTAL RESULTs. 


To economize space, most of the results are presented graphically, 
without tables. Curves I. (Fig. 3) were obtained with a jelly cylinder 
3.9 cm. long and 1.8 cm. in diameter with a rubber envelope 0.28 cm. 
thick. For Curves II. the respective dimensions were 3.7 cm., I.15 cm., 
and 0.235 cm., and for Curves III.,4 cm.,0.6 cm. and 0.175 cm. The 
subscript ‘‘a”’ signifies that the light employed was of approximate 
wave-length 6,560 A.U., ““b”’ wave-length 5,330, and ‘‘c’’ wave-length 
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Fig. 3. 


Abscissas = twist (degrees). Ordinates = rotation (degrees). 


4,480. The rotations which are plotted are the averages of the artificial 
rotations, for the two directions of twist, after reduction to a common 
length of 4 cm. (see below). 

A comparison of the three sets of curves shows that the artificial rota- 
tion is approximately proportional to the square of the diameter. 

The abscissas of Fig. 4 are the logarithms of the wave-lengths of the 
light employed and the ordinates are the logarithms of the rotation. 
The inclination of the lines demonstrates that the artificial rotation 
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(represented by the full lines) is approximately inversely proportional to 
the square of the wave length. Since there was some uncertainty about 
the exact wave-length, it is important to observe the close parallelism 
between these lines and the dotted lines which give the logarithms of 
the natural rotation. 

To illustrate the individual observations, the readings for Fig. 3, 
Curves I., a, 6, and c, 70° twist, are given in fullin Table I. The zero of 
the instrument was 5.30°, and the mean positions of the analyzer before 
the jelly was twisted, for the three wave-lengths were 359.7°, 355-9° and 


348.2° respectively. 


a anni — ee ee eee 





1, 70° 














ses 370 ars 3.80 3.85 
Fig. 4. 


Abscissas = logarithms of wave-length of light in Angstrém units. Ordinates = logarithms 
of rotation in degrees. 


Curve IV. represents observations similar to those of II., b except 
that the length of the cylinder was7.7cm. This and similar comparisons 
demonstrated that the artificial rotation is approximately inversely pro- 
portional to the square of the length. 

We will now consider certain experiments which suggest the function 
of the envelope, for as stated in previous papers, the rotation of a jelly 
cylinder is greatly increased by a rubber envelope. 
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TABLE I. 
Position of Analyzer. 
Twist, cated icine ieeemeaaee — = 
6,560 A.U. | 5,330 A.U. 4,480 A.U. 

296.4 | 290.2 226.7 
+70° 301.2 279.8 268.3 
302.2 290.0 212.2 
a ae ee eee 295.3 270.6 ____-234.2 
Mean. . sseseces ess eeserscoeseees 298.8 282.6 235.4 
ps ee — 60.9 — 73.3 —112.8 

79 91 85 

77 89 111 

—70° 68 91 150 

a ih 77 91 117 
Mean.. Serer eee eee eee eee 75.2 90.5 — 115.8 
AsteBicial rotatao®.. ......0..ceseccs +75.5 +94.6 +127.6 
Mean artificial rotation............ 67.2 83.9 120.2 
0 79.8 116.0 








Reduced to 4 cm. eee 64. 


In cylinder I. of Table II. the jelly adhered to the rubber envelope, 
while with cylinder II. adherence was prevented by a film of vaseline. 
If allowance in made for a slight difference of length, the rotations are 


practically identical. 
TABLE II. 


Mean Artificial Rotation for 90° Twist. 














6, 560 A.u. 5,330 A U. 4,480 A.U. 
NN se unc aeecadee 11.7 18.4 29.8 
©  Diidiieecivcctueatveeses | 9.1 15.6 | 24.7 





a ewe eer — a | = 


It was early noticed that an apparently circular rubber tube became 
elliptical when twisted and that the ellipticity increased with the twist. 
If the jelly cylinder is constrained to preserve its original cross-section, 
the rotation is very small. Cylinder III. of Table II. was similar to 
cylinder I. except that a brass tube, vaselined inside, enveloped 2.55 
cm. of its length of 3.3. cm. If the rubber tube of a cylinder such as II. 
was cut next the glass end plates, the jelly alone twisted, the rubber tube 
was not distorted, the approximate circular cross-section of the jelly was 
preserved, and the artificial rotation became practically zero. 

Jelly cylinders cast inside circular metal tubes gave only very small 
artificial rotations. Contrary to the results with rubber envelopes, 
stretching somewhat increased the rotation. By separating the jelly 
from the tube, the stretching permitted the cylinder to assume an ellip- 
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tical form. These examples prove that distortion of the cross-sections is 
a necessary condition for artificial rotation. 

As one would therefore naturally expect, a cylinder with an initial 
elliptical cross-section shows a greater rotation than one with an ap- 
parently circular cross-section, as the following typical examples illustrate. 
Cylinder I. of Table III. was a rubber-covered, elliptical cylinder 3.7 
cm. long and the diameters of the cross-section were I.4 cm. and I.1I cm. 
II. was a similar, circular, rubber-covered cylinder 1.15 cm. in diameter. 
III. was a bare elliptical cylinder 3.9 cm. long and the diameters of the 
cross-section were 1.85 and 1.35 cm. IV. wasa similar bare circular 
cylinder 1.6 cm. in diameter. 


TABLE III. 


| Mean Artificial Rotation. 


} Twist. —— ~ -—— —-— --—- — 
6,560 A.U. 5,330 A.u. 4,480 A.u. 
ee reer ce 50° 10.6 16.3 30.6 
- _ er 50° 4.4 8.1 13.2 
+ eee 135° 12.5 | 27.0 47.0 
se aaa 135° aon 7.6 | 13.7 


Since the shape of the rubber envelope was so important a factor the 
author investigated the influence of twist upon the distortion of rubber 
tubes filled with jelly, and obtained the following results: The sum of the 
proportional changes in the two diameters of the elliptical cross-section is 
approximately proportional to the diameter, increases with longitudinal 
compression, and is proportional to a higher power of the twist than the first. 


THEORY. 


The preceding experiments indicate that the artificial rotation is 
due to the distortion of the cross-sections, and their helical orienta- 
tion. The increasing ellipticity of the cross-sections as the twist is 
increased, must produce double refraction, the axes of the strain being 
the major and minor diameters of the ellipse. The continuous orienta- 
tion of these axes in the twisted cylinder suggests Reusch’s! packets of 
helically arranged, double refracting plates. The theory of the latter 
has been worked out by Poincaré,? Sohncke,* and Mallard,‘ and is 
excellently presented by Mascart.® 

1 Pogg. Ann., CX XXVIII. (1869), p. 628. 

? Lumiére, II., p. 276. 

* Pogg. Ann. Erganzungsband, VIII. (1878), p. 16. 


4 Ann. des Mines, X. (1876), p. 60; XIX. (1881), p. 256. 
5 Traité D’Optique, II., p. 323. 
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Let the differences of phase, in angular measure, produced by the 
different plates be d;, d:. . . . Let the angle between the initial plane 
of polarization and the principal section of the first plate be represented 
by 7, between the principal section of this plate and that of the second 
plate by %:, etc. Starting from a vertical axis (Fig. 5, a), lay off a line 








7 


(b) 





Fig. 5. 


numerically equal to d; at an angle 27;.. At its extremity add a line numeri- 
cally equal to d, at an angle 2%2 with d, produced, and so continue, finally 
closing the polygon with a line of length e at an angle 27 with the initial 
axis. Mascart shows that if S is the area of this polygon and U is the 
angle of rotation in radians 


y= SS é&sin 4j 
2 8 


and that the direction of the rotation is opposite to the helical structure.* 
The rotations calculated in this manner agree well with the experimental 
results. We will now extend this theory to twisted cylinders, and show 
that it explains all the observations. 

A twisted cylinder with a distorted cross-section may be considered 
as composed of similar, infinitely thin, double refracting plates, the 
principal section of each plate being rotated through an infinitely small 
angle from that of each of its neighbors. Since the number of the lines 
d has indefinitely increased, while both their length and the angles ig, 43, 
etc., have similarly decreased, the above polygon will have become the 
arc of a circle (see Fig. 5,). The angle subtended will be twice the total 
angle of twist or 2 (ig +13 + - + + ) = aI. 

Throughout the experimental work the rotations stated have been the 
means of observations in four successive azimuths differing by 45°. The 


1 The last term represents twice the area included between e and its projection upon 
the axis. 
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values of j were therefore j;, 7; + 45°, j1 + 90°, j:1 + 135°. Hence the 
average value of sin 4j is zero, and the last term of the above equation 
for the rotation disappears from the mean. This evidently corresponds 
to e being perpendicular to the initial axis (Fig. 5,b). The mean rotation, 
in radians, should therefore equal half the area of the segment of a circle 
whose angular aperture is twice the angle of twist, and the length of whose 
arc is the angular difference of phase. If the twist is increased, the area 
of the segment, and therefore the rotation will increase much more 
rapidly because of the increase of the angle subtended and the simulta- 
neous increase in the length of each of the elementary lines which represent 
the difference of phase in each section, and which together form the 
length of the arc. 

If m, and me are the refractive indices of an elementary section and if 
t is its thickness, and / is the wave-length of the light employed 


ie og 7 my)t 


The rotation, being represented by half the area of the segment, is pro- 
portional to d*, and therefore, neglecting variation in m, and m2, should 
be inversely proportional to the square of the wave-length. 

Qualitative Comparison of Theory and Experiments.—The experimental 
results with rubber-covered jelly cylinders agree with the above theory, 
for, the torsional rotation is opposite to the twist, varies with the azimuth, 
is approximately proportional to the inverse square of the wave-length, 
and increases as a high power of the twist. Leick' and the author? 
found the phase difference proportional to the distortion. If, remember- 
ing that the arc is equal to the total phase difference, a comparison is 
made of the distortion of the rubber tubing and the torsional rotation of 
the contained jelly, the dependence of the rotation upon the length, 
diameter, and longitudinal compression, will also be found in agreement 
with this theory. 

The double refraction resulting from the distortion of an elliptical 
cylinder is, however, too complex for exact quantitative comparison be- 
tween the theory and experimental observations. Therefore simpler 
forms of distortion were designed, the final one of which will be described. 

The jelly was cast as previously described in the two forms of apparatus 
illustrated in Fig. 2 (a) and (b). The inside surfaces of the side plates 
A, A, A’, A’, were vaselined to prevent any lateral constraint. The 
length of the helical cylinder (Fig. 2, a) between the glass plates was 8 cm., 


1 Ann. d. Phys., XIV. (1904), p. 139. 
2 See below. 
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and the portion subjected to transverse strain was 7 cm. The angle 
between the plates at the beginning and at the end of this distance was 
96°. The mean distance between the plates was 1.504cm. This distance 
could be varied with great delicacy and precision by the set screws Fj, 
Es, etc. The distance between the plates was calculated from outside 
measurements with a vernier caliper reading to 0.02 mm. For each dis- 
tance, eight such measurements were made, and eight observations of 
the rotation in azimuths differing by 45°. The helical cylinder was 
slipped into a tube which could be rotated in the tray of the polarimeter. 

The double refraction of the same jelly was determined with the 
straight cylinder (Fig. 2,)). The length of the latter between the glass 
plates was 7 cm. and the length subjected to strain was6cm. The mean 
distance between the plates A’, A’, was 1.404 cm. Lateral compression 
was produced by the set screws E,’, Es’, etc., and measured with a vernier 
caliper, while the resulting double refraction was deduced from the mean 
of the displacements of four fringes in a Babinet compensator, sodium 
light being used. 

The observations with jelly No. 78 (which was of the customary com- 
position) are selected as typical. The rotation of the helix and the 
natural rotation were both negative. The compression produced a posi- 
tive rotation, and the artificial rotations given below are the actual 
rotations less the natural rotation. 


TABLE IV. 
Rectangular, Helical Cylinder (96°). 
eee 0 .0048 .0100 =.0138 .0198 .0238 0318 
ee —17.2% 3.9° 33° 35° a 70° 89° 


As illustrative of the individual observations, the positions of the 
analyzer for the second compression, and the different azimuths, will be 
given, namely: 81.9, 83.9, 89.3, 88; 75.2, 76.1, 88, 68.8. Mean = 81.4. 
The mean position of the analyzer before compression was 68.1 (zero 
of the instrument = 85.32). Therefore the artificial rotation was 13.3°. 


TABLE V. 
Straight Rectangular Cylinder. 
se ey ee icearen wa .006 .0118 .0205 .0397 
Mean displacement of fringes.............. .09 2.0 3.70 5.87 10.30 


(Mean distance between fringes = 11.92.) 


The abscissas of Fig. 6 are the compressions of the helical cylinder. 
The points designated by crosses are the mean fringe displacements 


1 Natural rotation. 
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tabulated above, reduced to the dimensions of the helical cylinder by 
multiplying by the direct ratio of the lengths and the inverse ratio of 
the distances between the compressing plates. The circles represent the 
experimental determinations of the artificial rotation. 

Double Refraction of the Jelly —\t should be observed how closely the 
double refraction, or difference of phase as measured by the displacement 
of the fringes (dotted line of Fig. 6), is proportional to the compression. 
The difference of the refractive indices for the second compression is 


3.70 X .0000589 











Ne — ny = = 3.04 X 107°. 
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02 03 04 
Fig. 6. 
Abscissas = compression. Ordinates on left margin = rotation (degrees). Ordinates on right 
margin (for dotted curve) = displacement of fringes in Babinet compensator. 


The difference of the indices for unit compression (the “‘ specific (artificial) 
double refraction”’) is 


3.04 X 107° X 1.404 


= 25 Pa. 
.O118 SAG 5 30 


This jelly was inclosed on four sides. Leick! found 5 X 10~ for a jelly 
of nearly the same composition, but inclosed by only the two compressing 
sides. 

Quantitative Comparison of Theory and Experiment.—To calculate the 
rotation required by the above theory for a compression of .0118, con- 
struct (similar to Fig. 5,5) a segment of a circle of aperture 2 X 96°, the 


IL. c., pe 148. 
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length of whose arc is the total angular difference of phase or (see Fig. 6). 


4.04 _ 


= 2.13. 
11.92 3 


The area of the segment is .72. The artificial rotation is therefore .36 
radians, or 20.7°._ In this manner the full line of Fig. 6 was constructed. 

The writer made nine such series of simultaneous observations of the 
double refraction and of the artificial rotation. In some cases the jelly 
was stiffer than the standard and in other cases it was thinner. The 
proximity of the circles (observed rotation) of Fig. 6 to the full line 
(calculated rotation) is typical of all nine series. The agreement is not 
perfect, but, considering the impossibility of making exactly similar 
surfaces for the helical and the straight cylinders, the relaxation effects 
which always appeared with the helical cylinder with the highest com- 
pressions and consequently reduced the rotation, the fact that errors in 
the compression were magnified in the rotation (since the rotation is 
proportional to the square of the compression), and the sensitiveness of 
the jelly to all disturbances, considering all these difficulties, the agree- 
ment between theory and experiment shown by all nine series, of which 
Fig. 6 is typical, affords conclusive proof of the correctness of the theory. 

The glass rods gave no observable rotation for twists up to the breaking 
point. This is also in agreement with the above theory since the area 
of a segment of only a few degrees aperture is exceedingly small. 


CONCLUSION. 

Additional experimental data have been obtained for the artificial 
rotatory polarization of twisted jelly cylinders, the most important 
of which are the law of dispersion and the dependence of the rota- 
tion upon the distortion of the cross-section. A theory of the phe- 
nomena has been developed upon the basis of this distortion. Finally, 
this theory has been established by the agreement between the rotations 
observed with cylinders adapted for accurate measurements, and the 
rotations calculated from the constants of the jelly. 


POLYTECHNIC INSTITUTE, 
WORCESTER, MASSACHUSETTS, 
August, IQII. 
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THE MEASUREMENT OF THE FRICTIONAL FORCE EX- 
ERTED ON A SPHERE BY A VISCOUS FLUID, WHEN THE 
CENTER OF THE SPHERE PERFORMS SMALL PERIODIC 
OSCILLATIONS ALONG A STRAIGHT LINE. 


By GEORGE F. McEwEN. 


HE purpose of the following investigation was to devise a method 

by which Stokes’s law of the frictional resistance of a fluid to 

the motion of a sphere whose center performs small periodic oscilla- 

tions could be applied to the measurement of the coefficient of viscosity 

of fluids. The two main objects were: first, to obtain as close an agree- 

ment as possible between the actual working conditions and those de- 

manded by theory; second, to devise a process of measuring the force 

acting on the sphere, even for fluids having a very large coefficient of 
viscosity. 

The contents of this paper fall under the following five heads: 

I. The effect of the internal friction of fluids on the motion of pendu- 
lums, from Sir G. G. Stokes’s Math. and Phys. Papers, Cambridge, 1880 
and 1go1, Vols. I. and III. 

II. An account of the method adopted in the present investigation 
to overcome the difficulties mentioned by Stokes, and to more nearly 
realize in the experimental work the ideal condition assumed in the 
theory from which Stokes’s law was deduced. 

III. Experimental tests of the present method. 

IV. Suggestions for future research. 

V. Summary of the paper. 


I. THE EFFECT OF THE INTERNAL FRICTION OF FLUIDS ON THE 
MOTION OF PENDULUMS. 
1. Observations on the Motion of Pendulums. 

An account of the experiments made by Bessel, Baily, Dubuat, and 
Sabine, and the theoretical results obtained by Poisson, Challis and 
Plana is given in Stokes’s Math. and Phys. Papers, Vol. III., pp. 1-7. 

The effect of the surrounding fluid on the time of vibration of a pendu- 
lum was computed by Poisson, Challis, Green, and Plana from the 
hydrodynamical theory of a frictionless fluid. A fair agreement with 
the observations was found in some cases, but in many cases, especially 
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where the dimensions were small, the theory failed entirely to account 
for the experimental results. 

Because of this failure, Stokes was led to apply the equations of 
motion! of a viscous fluid to pendulum problems. 


2. Stokes’s Deduction of the Law of Resistance.* 

In 1850 Stokes completed the solution of the following problem: 

The center of a sphere performs small periodic oscillations along a 
straight line; the sphere having a motion of translation only; it is re- 
quired to determine from the ordinary hydrodynamic equations of 
motion of a viscous fluid, the motion of the surrounding fluid, and the 
force exerted on the sphere. 

He assumed the velocities to be so small that their squares could be 
neglected, that there was no slipping of the fluid along the surface of 
the solid in contact with it, and that the amplitude of vibration of the 
sphere was very small and remained constant. 

His result for the force is 
° dy dy 
Fame df ~ dt’ 
where y is the displacement and ¢ is the time, and the coefficients A and 
B have the following values: 


I. 9 ee 
ir (o+ ay) M/ = KM, 

9 I i. see , 
tn (2) (: +) mia = K,"M,’a, 


where 1,’ = the mass of the fluid displaced by the sphere, 


r = the radius of the sphere, 
2r , . . a 
a= 7 where T is the period of oscillation, \ = Dl and 
im 
nu’ = coefficient of viscosity + density. 


From the same assumptions and equations, the same result has been 
obtained by a different method.* 

For a cylinder oscillating in a direction perpendicular to its axis, 
Stokes deduced the following expression: 


, dy dy 


F = — K./me — K,.''my.'a 
oe a sii i 


where F = the force acting upon unit length of the cylinder, m2’ = the 


1 Stokes’s Math. and Phys. Papers, Vol. I., pp. 75-105. 
2 Stokes’s Math. and Phys. Papers, Vol. III., pp. 11-36. 
’ Lamb's Hydrodynamics, edition 3, pp. 583-584. 
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mass of the fluid displaced by unit length of the cylinder, and K.’ and K.” 
are constants depending on the radius of the cylinder, the period of 
oscillation and y’. 

No simple expressions for Ky’ and K.”’ were found that covered all 
cases, and they are best determined by special series and tables which 
are given by Stokes in his Math. and Phys. Papers, Vol. III., pp. 47-54. 
In the same volume he gives a discussion of the conditions upon which 
the theory from which the above expression was deduced depends. 

In the case of the cylinder as well as the sphere, the first coefficient 
shows that the fluid has the same effect as an increase of the inertia of 
the system, and the second coefficient shows that the fluid opposes the 
motion of the system by a force proportional to the velocity. 

From observations on the time of vibration the quantity A can be 
computed, and B can be computed from observations on the arc. Both 
A and B can be calculated from theory with the aid of Stokes’s equations.! 
3. The Application of Stokes’s Law to the Pendulum Observations of Bessel, 

Baily and Dubuat.* 

By choosing a constant value of uw’ Stokes calculated from his theory 
the periods of a variety of pendulums swinging in air, and the agreement 
with the values observed by Bessel and Baily was very satisfactory. 
Only a few observations on the arc of vibration were available, and these 
were only approximate, in these cases he calculated the decrement of 
the arc of vibration from his theory, and found as good an agreement 
with the experiments as could be expected considering the character of 
the observations. Though most of the observations made on pendulums 
oscillating in water were also in fair agreement with his theory, there 
were a number of discrepancies, which he attributed to the experimental 
methods used. 

When a pendulum oscillates in water, or a more viscous liquid, the 
arc of oscillation rapidly decreases; this diminution forms, in fact, the 
greatest difficulty in experiments of this kind. This difficulty, which 
made it impossible to test his theory or to determine the coefficient of 
viscosity of water or of more viscous liquids by means of a vibrating 
body, suggested the present investigation. 


II. THe MetHop ADOPTED IN THE PRESENT INVESTIGATION FOR 
MEASURING THE FORCE ACTING ON AN OSCILLATING SPHERE. 


1. Description of the Apparatus. 
A light rigid bar? FED is secured to a knife-edge at E, which rests 
1 Stokes’s Math. and Phys. Papers, Vol. III., pp. 1-141. 


2 Stokes’s Math. and Phys. Papers, Vol. III., pp. 76-140. 
3 See Fig. 1 for a diagram of the apparatus. 
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upon a fixed horizontal support. A second bar MN, perpendicular to 
the first one, carries two movable weights W3 and W,; the upper one can 
be moved to or from E by turning it about the screw EN, and a scale 
fastened to MN is provided for recording the distance of W; from E. 
The lower weight W, can be slid along EM and clamped in any desired 
position. At Fand D (points in 
line with E) two scale-pans W, 
and W. are attached by means 
of very thin strips of steel. A 
second light rigid bar ABC is 
attached by means of similar 
strips of steel at C and A, to the 
pan IWV2, and to a support above 
A, which can be given a vertical 





periodic motion of small ampli- 
tude. This support does not 
touch the apparatus, except at 
A. The sphere is suspended in 





the fluid by means of a fine wire, 
as shown; the wire being at- 
tached by a thin steel strip, to 





a small support B, which can be 
fastened to the bar AC, in any 





position between A and C, but —- 
is always in line with A and C. [> —— | 

By adding weights to the |-—- ~~. 
scale-pans, the system can be |~ _— ( : ).... 
brought toa state of equilibrium | = _— 
when FD is horizontal. Byad- |-— 











justing the weights W; and W,, - 
the natural period of oscillation ee 
can be varied, as this adjustment changes the height of the center of 
gravity of the system rigidly attached to the knife-edge. 

The oscillations will, from the construction of the apparatus, cause 
the sphere to move in a vertical line, and if the support of A is fixed, 
these oscillations will subside because of the friction. But if the support 
of A is given a vertical periodic motion, the system will be set in forced 
vibration, and the amplitude, phase and period of this forced vibration 
will depend upon the amplitude, phase and period of the motion of the 
support, for any given adjustment of the vibrating system. 
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2. The Theory of the Forced Vibrations of the Above System. 

Explanation of the Symbols: 

M” equals the mass rigidly connected to the knife-edge E. 

I-’’ equals the moment of inertia of M’’ about C,. 

I,’’ equals the moment of inertia of M” about E. 

C, is the center of mass of M”’. 

EC, equals 1. 

m;' equals the mass of the lower bar. 

I;’ equais the moment of inertia of m;’ about its center of mass. 

ys equals the displacement of the center of mass of ms;’ from the position 
of equilibrium. 

M, equals the mass of the sphere and its suspending wire. 

6 equals the angular displacement of FD from its equilibrium position 
which is assumed to be horizontal. 

My’ equals the mass of the fluid displaced by the sphere. 

g equals the acceleration of gravity 


2 
S = Sot 53; shai ihe 


6) equals the angular displacement of the heavy pendulum used to 
maintain the vibrations. 

— 1,6) equals yo, the linear displacement of the point A. 

8 equals the change in torque due to the elasticity of one suspending 
strip when bent through unit angle. 

Biy equals the change in the force on the wire holding the sphere, due 
to the elasticity of the surface film of the liquid, and to the varying length 
of the wire immersed. 

The variable force exerted on the sphere by the fluid equals 


d*y dy 


Denote the variable force exerted on the wire by the fluid by: 


d*y dy 
an / _— , _H« ’ 
od tall hha 
¢ equals the angular displacement of the lower bar from the equilibrium 
position. 
d —_ ‘ 
— kz _* the torque on the lower bar due to the friction of the air 
and the suspending wires. 
dé _ ‘ 
—k, as the torque on the upper bar due to the friction of the air, 


the suspending wires, and the knife-edge. 
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F,’ equals the horizontal force at E acting on the knife-edge. 

Fy equals the vertical force at E acting on the knife-edge. 

F, equals the vertical force at A acting on the lower bar. 

— Fy, equals the vertical force at B acting on the lower bar. 

Fe equals the vertical force at C acting on the lower bar. 

— F» equals the vertical force at D acting on the upper bar. 

— F equals the vertical force at F acting on the upper part. 

ms equals the mass of each scale-pan and contents, and wires between 
C and D. 

m, equals the mass of each scale pan and contents, and wires attached 
at F. 

The meaning of the other symbols used is indicated on the diagram 
of the apparatus. 


Fundamental Dynamical Relations: 


d’y ‘ » oy », dy 
M Gp = F— Mgt Mig—(A +47, - (B+ B) 7 + Ai, 
1? , 
ms! at = — Fy + Fa + Fe — my;’g, 
,a¢ S S do 
I; de = Fa + Fah — 386 — ke a 
d’y . 
m3 fs = Pom Pe 
a6 , , d6 
Ls > taatines FyS,; + FS, — F,'L cos 6 — Fel sin @ — ky a 2686 
+ FL sin 6 + Fpl sin @, 
d*y ” d@ \* af q*0 _ " 
ura = M | (cos 0 (7) + Gino) Ae F,— F-Fp— M"s, 
d*x a a6 , 4g Oo 
us, = M | (cos a)“, — (sind) (+) tr = Fy!, 
d*y, ™ 
mn = F — mg, 


i dy, d*y, dé 
I¢ de diate ove de | — eS) — 260 


— M"'P(cos 6) x (COS oe — (sin 6) ( A) | 


— l(sin 6 | Ml [ (cos 6) r ) + (sin 6) + M"g . 





498 GEORGE F. McEWEN. [VoLt. XXXIII. 


Fundamental Kinematical Relations: 


x and y are the codrdinates of Ci, 


= Isin 6, y = —/ cos 8, 
dx de 4y f dé 
i l(cos 6) dt’ di = |(sin 8) dt’ 
Px a6 dé *| 
a8 = 1 | (c08 8) 0) ,. — (sin @) (C ) lt 
d*y _  d0 dé6\° 
ig = 1 {Gin Gp + (C08) (yt 
d V1 dé d*y 1 d°6 
yr = Sid, dt Stay? dj Stage’ 
dy4 ms dé dys a6 
y= — Sb yy = — Say ae =~ Fae 
I I 
y = ¢(Sayo + Sey) = g(— Saif + S25i8), 


+ $(¥o + i), wz 1:00, 


Yvo-N\_ 1, 
o= 7 S ) = g (180 + S06), 


dy dé 


dt 

d*y I am ad 0 
de S S54 — Sali Gp ) 
dy; __ 1 | dé aa a) 
i a” el 
d*ys3 I d°6 dO 

dz (a5- —h Gp ), 
do my I ( dO ) 

a 6S ha + Sig) 
ao I da? 0o a6 

d¢ = SN" ae +55) 


The above dynamical and kinematical relations can be so combined 
as to give the following ordinary differential equation: 


d°6 
Po. = + Pio, + Pip =P" aa +P se + P2Oo, 
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in which the coefficients are constants and have the poate values: 


F = 
P=[1e" + mS2 + mS; + Se OM, + A+ A’) + ~ ms! + I;’ =|. 


P= SE {5 Sy saen(l] 


r Si: 7? SS? 
n-brseersE3T) - ae 





1,51 SS hs 
Pp" = *(Mi+A+ Ay 4+" ,f — "Sn, 
LS S 
1,S,S. LS 
Pp’ = (B+ B’) re an 
Ss 
3hSi8 | 1,S),S2S 
Py, ~ e [ = = i 55) 
Assume 
yo = ce sin at = — 1,6, 


~ 


and substitute in the second member of the differential equation; the 
result will be: 


Po. at Pi. + Pai = Pa’ (— i )e —* sin at + Po’ (— 5) e* gos a, 
where 
Po” = (P2 — [a? — o*|P” — aP’), and Po = a(P’ — 2aP"’). 
Assume that the following ordinary equation is a particular integral 
of the differential equation: 
6 = Aje~™ sin (at — 6;) + Bye~™ cos (at — 62), 
substitute in the equation and solve for the quantities: 
A}, 61, Bi, and 42. 


The following values of the constants will make the assumed form for 
6, a solution: 


P,''(sec 6 »(- 1) 





aaa P, + Pla? — a’] — aP; + (Pia — 2aaP) tan 0,’ 
Py (sec 64) (— ) 
= P2 + Pla? — a’] — aP; + (Pia — — 2aaP) tan 62" 
Pia — 2aaP 
tan 6; = 


P, + Pla? — a’] — aP,’ 
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To obtain the complete integral of the equation, the complementary 
function, A;e~""*” sin (83¢ + 63) would have to be added to the above 
value of 6. A; and 6; are arbitrary constants, depending for their values 
on how the system is started, and 


Bs - V4P2P ar 

In the present method of measurement, no observations are taken 
until the complementary function has a negligible value, so only the 
first or particular integral will be retained. 

In practical applications, the ratio of the maximum value of @ to the 
maximum value of 4 is determined by experiment. The relation of the 
coefficient B to that ratio, which is required for determining B will now 
be derived. The following equation for 6 is assumed: 


c —at =: 
6% = —;e” sin at. 


h 
Then the expression for 6 can be reduced to the form 


6 = Ase sin (at — 6; + 63) 
where 
B, Py 


iL” 


Let ¢; be the time at which @ has a maximum value, and # be the time 
at which 6 first reaches its maximum value after ¢;. Let t2 — t; = At. 

By taking the first derivative of @ and 6, the maximum values, 6’ 
and 6)’ given below are obtained: 


A,= “A+B, and tan 6; = 


8’ =— <= - ew 


Jee(y7 0 Waa (ey 


Dividing the first equation by the second gives 


0’ = Axe™™ 


, 
0 = R’ = en! A» 
by’ Cc 

ly, 


This ratio is obtained experimentally by first observing the maximum 
value of 6, then observing the next maximum value of 6, and dividing 
the first by the second. Substituting the value of A and B in the expres- 
sion for A gives 

_ (< ) v (Po’)? + (Po)? 

* ALI A (Py + Pla? — a] + aP;)? + (Pia — 200P)?’ 


Z 
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and 
R’ ast v (Po’)? + (Po)? 
R’ =e ° 
VM (P2 + Plo? — a?) — aP,)? + (Pia — 2aaP”) 


This expression shows that R’ is independent of the amplitude of the 
vibration, but is a function of the constant coefficients of one of the 
preceding differential equations. 


3. The Deduction of a Practical Working Formula from the Above Theory. 

It appears that P, is the constant by which @ is multiplied to obtain 
that part of the torque which opposes the displacement of the system, 
but does not depend on the friction. In the expression 


P. = M"el [2] ) S?Ss 
2= M’gl+B\(2+3 5 —~> By 


1 is the distance above E of the center of mass of the system rigidly 
attached to the knife-edge. As will be seen by referring to the expression 
for R’, for the values of the constants in the expression for R’, the quan- 
tity / appears only in the expression for P2. Therefore, by shifting the 
weight V3, / and consequently M’’g/ can be changed without affecting the 
remainder of the expression for R’.! 


Let 
R= ¢“R' = Y (Po’)? + (Po)? 
“(Ps = Pla’ - a’ — aP;)? + (Pia — 2aaP)? 


now if R is measured for three different values of M’’g/, there will be 
three equations from which P; can be computed by eliminating the 
other unknown quantities. 

Suppose M’’gl is changed by raising or lowering the weight Ws3, a 
known amount; the amount due to one complete turn, for example. 
Denote this change by “a. Then 


M"'l = (M"” — W3)/ + Wsls, 


where / is the distance of the center of the mass of M” from E, / is the 
distance of the center of mass of (M’’ — W3) from E, and /; is the distance 
of the center of mass of W; from EF. Let the change in /; be Al;, and 
denote the corresponding change in / by Al, then / will remain the same 
as it depends only on that part of the mass whose position with reference 

1 Changing / in this way would produce a known small change in P, which can be easily 


compensated for by changing the weights in the scale-pans Wi and W2. It will be assumed 
that this is done, and therefore P will be treated as a constant. 
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on 
ie) 
S) 


to Eis fixed. Therefore, 
M"'(l + Al) = (M” — W53)l + Wa(ls + Als), 
W; 


Al = M” Als, 


and 
v 20 == M"’gAl = W3gAls. 


In the equation for R, denote the numerator by “z;3, denote 
aP,—2aaP)? by 2;, denote (P2 a® — a*] — aP;) by nv 2 — 2’, and let 
P,—2aaP)? by lenote (P2 + P P,) by n¥ 


; 
o 


—— =, Then 
+ Jn 
(P. + Pla? — a®] — aP;) = Vuln — w), 
and the equation for R takes the following simplified form: 


23 
a(n — w)? + 2,° 


Re = 


Now by varying ”, the number of complete turns of W3, R, will vary 
but 22, 23, and z,; will remain constant, and are positive. w is a con- 
stant, positive or negative, and depends on the position of W3 when 7 is 
assumed to be zero. 

The maximum value of R, denoted by R, is: 


therefore R,, is a function of z; and z; only, and corresponds to the special 
case when there is resonance. The above equation involving R, can be 
written in the following forms: 


Rw \? 
(n— we tV[r -(5 ) | = O, 


Rv\? VV 
=r 


(n —w) = evv R, R, VR,? — R,?, 


(n — w)? — +(n—w)R, 
Re = Raat + r ’ vy _ V7 - ’ 
J v | *, = R,? 
21 
where V =—. 
An inspection of the above equations shows that if R, and R, are both 
multiplied by an arbitrary constant, the roots of the equation will be 


1 Assume that Al; corresponds to one turn of Ws, and denote by m the number of turns 
from a given position near the top of the screw. Then m and P2 increase as Ws is lowered. 
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unaltered. Therefore the ratios used need only be proportional to the 
true values of the ratios. Also, if (4) has a constant amplitude, only 
the readings for 6 need to be taken. 

From three observations, three correspondeing values of m and R, 
can be obtained, and the two quantities R, and w, which will be the same 
in all cases can be eliminated, thus giving the value of ¥ V. 

Now, 

V2, =VVY% xm = aP; — 2aaP, 
and therefore 


z + 2aP, 


No 


p= B("") +) 3°(") +nte(* )'|, 
s) + BU, s) | 


B=(°)vvJ%+2ap-(*) |B () +e4e (2) | 
5152 a~ $1S2 | s 5 | 


and 


P, = /V 


also 


B = ( : ea E - K, 


5\S2 


where K is a positive constant, and depends only on s, 5), s2, a, P and 
the friction not due to the sphere. Therefore, if two different spheres 
of radii r; and re are used, 


Ss ° sr 22 > 
B, = ne wv i 1 Oh Ky, 
51Se2 a* 


s \? Ze 
B,=(—.) vv, J _ x, 
: S$ Se ¥ N a~ 


and 


where Ky — K, is practically zero. Therefore, subtracting the first from 


the second gives 
B. — B, = (VV. — /V;) | ( : ) 
~ l Ps A No $189 ° 
From this equation, the difference between B,. and B, can be found, 


since all the quantities in the second member can be measured. From 


the theory given by Stokes, this difference has the following value: 


Bs —_ B, = sr 20V 1’ | i = n) (» +. ryt tv)  , 


and from this equation yu the coefficient of viscosity can be computed. 
But the vessel containing the liquid must be large enough, compared 
to the sphere used so that the assumption on which the equations were 
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derived are justified, or a correction for the effect of the containing vessel 
must be made. 

Let B,’ and B,’ be the values of B; and Bz corresponding to a vessel 
of infinite radius. Let \; and d2 be coefficients depending on a, yu’, and 
the ratio of the radius of the sphere to the containing vessel, so that 

iB,’ = Bi, 
and 

2B,’ = Ba, j 
then 


9 


Zef s \* 
By! — By = (“V2 — YVi) J2(: ) 


Sg 
Let 1” and 2” correspond to the cases where the radius of the vessel is 
R” and R’ respectively; the same sphere being used. Then 


— <2 Ss 
BA" - d1’) = (v V,” —_ V/V’) . *( ) . 
a- 


5 \S2 


If this result is zero, then the radius is large enough, and no correction 
is necessary. 
II]. EXPERIMENTAL RESULTs. 

A gravity pendulum consisting of a wrought iron rod 1.5 cm. in diam- 
eter, and 180 cm. in length; and two cylindrical weights, each being of 
5 kg. mass, was mounted on a frame supported by two concrete piers. 
By adjusting the position of the weights, any value of the period, from 
about 2 to 25 seconds could be secured. By means of a mirror attached 
to the knife-edge, and a vertical scale and horizontal telescope supported 
on one of the piers, 115 cm. from the mirror, measurements of the angular 
displacements were made. The scale was divided into mm., and readings 
were taken to 0.1 mm. Within the limits of observational errors, the 
displacement of the pendulum agreed with the following formula: 


0 = ( ) es sin at. 
l 

The measuring apparatus, already described, was supported with its 
knife-edge E parallel to that of the large pendulum,! and about 8 cm. 
above it. A mirror was attached to E above the mirror of the large 
pendulum, and a second horizontal telescope was mounted above that 
used for the large pendulum. The same scale was used for both. The 
apparatus was not enclosed nor shielded from air currents. 

A short rigid bar, secured to the large pendulum in a position perpen- 
dicular to its knife-edge and pendulum rod, supported at the distance /, 





1 See Fig. 2 for diagram. 








No. 6.] MEASUREMENTS OF FRICTIONAL FORCE. 5905 


from the knife-edge, by means of a fine wire, the end A of the lower beam 
of the measuring apparatus. Because of this arrangement, the end A 


of the beam AC was constrained to have the vertical displacement: 
yo = — 1,0) = ce sin at. 


In order to test the capacity of the apparatus for measuring large 
forces acting on the sphere, dark filtered cylinder oil, grade “‘N,’’ was 
used at temperatures from 18° to 22° Cent. At these temperatures, 
the coefficient of viscosity of the oil is several thousand times as great 
as that of water. 

The numerical values of the constants in the experiment on oil are 


tabulated below: 


Weight of the measuring apparatus, about 400 grams. 


Weight in each scale-pan, about 80 grams. 
Weight of each scale-pan, about 15 grams. 
W3; = 13.52 gr. M” = 76.84 gr. 
Al; = 00.0794 cm. Vv Zo = 1,052 dyne cm. 
$; = 5.0 cm. Se = 2.5 cm. 1 
S3 = 7.5 cm. s = 10.0 cm. 
a = 1.702 (sec.)—. a = 0.0007 (sec.)~!. 
The radius of the cylinder containing the 
liquid was 5.5 cm.; its depth was 18 cm. 





The cylinder was practically full of the liquid, 
and in all cases the top of the sphere was 6.5 
cm. below the liquid surface. The maximum 
velocity of the sphere was less than 0.1 cm. 
sec., and itsmaximum displacement was less 
than 0.07 cm. 

The maximum deflections 6’ and 6)’ were 
determined alternately, and the value for 6’ 





was divided by the mean of the two nearest 
values of 6’ for a single determination of the Fig. 2. 

ratio R’. The following set of readings and 

results is typical of the accuracy of the work. In the first and second 
columns are the average of the differences of the scale readings for 
determining 69’ and @ respectively. The last column contains the average 
value of R’ minus each value. 
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.5692— A k’ -5692— A” 
2.590 1.560 .6025 — 0063 2.445 1.460 .5970 — .0008 
2.049 1.520 .5910 0048 2.425 1.460 .6062 — .0058 
2.560 1.510 .5900 .0062 2.400 1.430 .5960 .0002 
2.540 1.505 .5925 £0037 2.370 1.420 5980 —.0018 
2.915 1.495 5945 .0017 5962 
2.480 1.485 .5990 — .0028 


Tabulation of Results —The temperature of the liquid is denoted by ¢. 
Under “ V are the results of substituting the given values of , w, Ry, 


and R,, in the formula: 


= (Nn — W) 
J V = y, Pi 
VR? — R,? 
¢ = 18.1° m= .495cm. R.? =8.30 w = 1.384. 
“ Zz R,2 Vi; B, +A =395.7% 
1 2.612 6.822 2.973 
7 1.5513 2.4065 2.950 
11 .9375 8789 2.965 
17 .5709 .3259 2.954 
2.960 1,171 
t = 18.05° re = .792cm. Rx? = 10.12 w = —1.700. 
: Vv! B,+A=395.7¥! , 
0 3.123 9.755 8.79 
6 2.392 o.3an 8.78 
18 1.296 1.680 8.79 
8.787 3,477 
t = 22.3° mn = .495cm. Ru? =11.30 w = 2.98. 
“a KR Lin Vv! By- \ 
1 1.9817 3.927 1.445 
7 1.1335 1.2848 1.436 
11 .5792 .33507 1.405 
17 .3423 SEFET 1.436 
1.431 566 
¢ = 22.15° re = .792 cm. Ry? = 9.34 w = 1.50. 
n Rp R,?2 VV, Bi—A 
0 2.4995 7.590 3.125 
6 1.748 3.055 3.137 
12 9001 .8102 3.237 
18 5701 .3255 3.136 
3.159 1,249 
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¢ = 22.10° re =.792cm. Rw? = 8.63 w = 1.73. 


ii Rn R,? V ] a B, +A 
1 2.862 8.191 3.155 
7 1.513 2.289 3.142 
11 .9500 9025 3.160 
17 5962 3555 3.162 
3.155 1,248 


The coefficient of viscosity was not computed from the preceding 
data, because the cylinder was not large enough compared to the spheres 
for the assumption of a cylinder of infinite radius to be valid for a fluid 
having such a large coefficient of viscosity. However, the above trials 
show that the method adopted can be successfully applied, even to the 
measurement of very large frictional forces. 

The apparatus, used in the experiment just described, was not well 
adapted to the measurement of small forces acting on the sphere, because 
of its crudeness, and because the friction in the apparatus itself was com- 
paratively large. But in order to test the method through a wide range 
of conditions, an attempt was made to determine the coefficient of 
viscosity of water. In this experiment the sphere was suspended close 
to the point C of the lower bar, in order to increase the effect of the fric- 
tional force. Also, since the quantity z; was now much smaller than 
before, the series of values of R was obtained by correspondingly smaller 
changes in the expression (P2 + Pla? — a*] — aP,). The changes were 
made by adding equal weights to each scale-pan, thus, varying P instead 
of P: as was done before; and by a method similar to that already 
described the following formula was derived: 


: " Rw \? 
(n— w+ Vf -(, ) | =o. 


in which » is the number of multiples of a given weight I, added to 
each scale-pan, “z, equals the change in the moment of inertia of the 
system when one of these weights is added to each pan. That is: 

Vo = ews? ea S$). 

In this case a decrease in m has the same effect as an increase in the 
previous case, but this formula can be used in the same way as the 
previous one, assuming the symbols to have the values indicated above. 

The numerical values of the constants in the following experiment 


are tabulated below: 


Weight of the measuring apparatus, about 400 grams. 
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Weight in each scale-pan, about 50 grams. 
Weight of each scale-pan, about 15 grams. 
W, = 1.00 grams. V2 = 146.5 dyne cm. 
S$; = 5.0cm. So = 8.90 cm. 
Ss = I.I cm. s = 10.0 cm. 
p = 1.000. a = 1.711 (sec.)—"'. 


The radius of the cylinder containing the liquid was 8 cm.; its depth 
was 20cm. The cylinder was practically full of water, and in each case 
the top of the sphere was 6.5 cm. below the surface of the water. The 
maximum velocity of the sphere was less than .15 cm./sec., and its 
maximum displacement was less than .o9 cm. 

The amplitude of the large pendulum was maintained constant by 
means of an electro-magnet and the scale readings for determining 6 
were taken as before. In this case they should be constant. The fol- 
lowing set of readings and results is typical of the accuracy of the work. 
The differences between successive scale readings, denoted by R, are given 
in the first column. The last column contains the average value of R 
minus each value. 








R 2.719—R R 2.719—X R 2.719—X 
2.67 + .049 2.7 —.021 2.68 + .039 
2.70 +.019 2.43 —.011 2.67 + .049 
2.68 + .039 2.68 + .039 2.68 + .039 
2.69 + .029 2.69 + .029 2.71 + .009 
2.68 + .039 ye —.001 2.76 — .041 
ate —.001 2.40 —.011 2.76 — .O41 
2.79 — .071 2.69 +.029 2.78 — .061 
2.77 —.051 2.72 —.001 2.71 + .009 
2.78 — .061 Ye + .009 PE —.031 
2.77 —.051 2.71 + .009 2.70 +.019 
2.72 —.001 2.70 +.019 Aver. R 2.719 
Zan — .001 


TABULATION OF RESULTs. 


The temperature of the liquid is denoted by ¢. Under ~ V are given 


the results of substituting the values of m, w, R,, and R, in the formula: 
+ (n—w)R, 
VR. — Re 


YV= 
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¢ = 16.5° r = .495cm. Ry? =85.8 w = 3.474. 


n Rn R,? Vv /4 By + A=2.525V 14 
4 6.994 48.95 .6057 
2 3.929 12.42 .6065 
0 1.593 2.538 .6065 
.606 1.530 


t = 16.5° re = .952cm. R,.? = 42.80 w = 4.34. 


m Rn R,? V /2 Be + K 2.525V Ie 
8 1.850 3.422 1.079 
4 6.238 38.92 1.080 
2 2.721 7.405 1.070 
0 1.556 2.420 1.064 
1.073 2.710 


B, — By = 2.710 — 1.530 =-1.18. 


The expression (B, — B,) can be transformed into the following: 


By = B, = 3r v 2a Yul - ri) (. +r; a P vi), 


from which after substituting the values from the above experiment, the 
following equation for determining y is obtained: 


1.18 = 37 V 3.422 Wy’ { (.457)(1-447 + 1.08 Vy’) 
or 
Fe ak /f,,! > amass 
w= 1.338 Vw — .1369 = O. 
The solution of this equation gives n = .00g1, while the value .oIII is 
given by the formula:' 
.0178 


ao + .0337t + .000221/" 


Thus there is a fair agreement with other methods, considering the un- 
favorable working conditions. 


IV. SUGGESTIONS FOR FUTURE RESEARCH. 
In the measuring apparatus used in the experiments just described, 
the force which opposed the displacement of the system but did not 
1 This formula is based on Poiseuilles’ capillary tube experiment. See Lamb's Hydro- 
dynamics, 3d edition, p. 536. 


? Further suggestions for future research are given in Stokes’s Math. and Phys. Papers, 
Vol. III., pp. 123-127. 
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depend upon the friction, was due partly to the elasticity of the steel 
strips and partly to gravity. If, instead of steel strips knife-edges were 
used, the return force would depend upon gravity only and could be 
made so small, without loss of stability, that a given natural period could 
be secured by a much lighter apparatus. If, in addition to reducing the 
weight, agate bearings were provided, the friction of the apparatus would 
be greatly reduced, and therefore greater accuracy would result. It 
would also be desirable to protect the apparatus from air currents and 
dust. 

In making measurements, the weight W3; should be so adjusted that 
two values of the ratio R are roughly one half the maximum value, one 
corresponding to the case where (P: + Pla? — a?] — aP;) = “a(n — w) is 
positive and the other when it is negative, and the third value should be 
near the maximum. The three values of R thus obtained are sufficient 
for computing the force, but it is desirable to check the work by addi- 
tional values of R between the first two. 

The same apparatus can be used for the measurement of the force 
acting on any vibrating body, if the force opposes the displacement and 
is proportional to the velocity, and it is well adapted to the case in 
which a very small maximum velocity and displacement is required. 

The advantages of measuring the coefficient of viscosity by the oscil- 
lating sphere method can only be settled by a series of experiments in 
which the force is measured when the working conditions are in agree- 
ment with those required by the theory. 


V. SUMMARY OF THE PAPER. 

The hydrodynamical theory of a frictionless fluid failed to account 
for the experimental results of the pendulum observations of Bessel, 
Baily and Dubuat, and this fact led Stokes to apply the theory when the 
fluid friction was taken into account. 

The predictions based on this theory agreed well with the experiments 
on pendulums vibrating in gases, but when the fluid was water, instead 
of gas, the agreement was not very satisfactory. This disagreement 
was due to the difficulty of making the observations, rather than to the 
theory. 

The fact that the inertia correction could be determined experimentally 
and that it had been shown how it depended on the coefficient of vis- 
cosity led Stokes to suggest that his theory might be employed to cal- 
culate the coefficient of viscosity of gases from observations on a pendu- 
lum, consisting either of a sphere attached to a fine wire, or of a cylinder. 

He also showed how to compute the frictional force acting on a sphere 
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and a cylinder, vibrating in a viscous fluid. From this result the coef- 
ficient of viscosity can be computed from observations which give the 
retarding force. For this purpose he proposed that the decrement of 
the arc of oscillation be used. This does not require as accurate a value 
of the period as the other method. 

The greatest difficulty in each method when the coefficient of viscosity 
is as large as that of water, or larger, is the rapidity with which the 
oscillations diminish. 

The present investigation was undertaken to overcome the difficulties 
mentioned by Stokes when applying the oscillating sphere method to the 
measurement of large coefficients of viscosity. This object was accom- 
plished by employing a forced vibration method in which the sphere was 
suspended by a fine wire, and had a slow motion of translation only 
along a vertical line, and the oscillations were small, and either diminished 
very slowly, or were maintained constant for any desired length of time. 

The above method was applied to the measurement of the force acting 
on a sphere in water and ina very viscous oil. In each case a satisfactory 
measurement of the force was obtained. 

It is assumed in the hydrodynamical theory that the velocities and 
displacements are very small, that the amplitude remains constant, and 
that there is no rotation of the sphere. In measuring the coefficient of 
viscosity it is necessary that the apparatus can be easily cleaned, that 
the required quantities can be accurately measured, and that the condi- 
tions can be readily reproduced. 

These requirements are fulfilled by the method just described, but 
the advantages of measuring the coefficient of viscosity by the oscillating 
sphere method can only be determined by further experiments in which 
the force is measured when the conditions agree with those required by 


the theory. 
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ENTLADUNGSSTRAHLEN AT ATMOSPHERIC PRESSURE 
AND AT DIMINISHED PRESSURES. 


By E.vizABETH R. LAIrRp. 


HE experiments described in this paper form a continuation of some 
already published! which showed that in addition to causing 
thermoluminescence Entladungsstrahlen ionize the air and other gases. 
The object of the present experiments was to observe the effect of the 
radiation under varied conditions in order to determine more definitely 
its relation to other radiations. During their progress a paper by Wood? 
bearing on the subject appeared, which showed that a radiation from 
the spark produces luminosity in the gas through which it passes, and 
that this is diminished if oxygen is blown through the chamber, but 
increased with nitrogen, and that the spectrum of the luminosity shows 
water bands. 

The experiments naturally fall into two groups, that in which the 
source of the radiation was the spark in a gas at atmospheric pressure, 
under which the effect of gases on the radiation is given, and that in 
which the pressure around the spark was reduced. In the first group of 
experiments the general experimental method and apparatus used was 
similar to that already described. 

The capacity of the gold leaf system and connections was about 4.5 
E.S. units, and a change in potential of 1 volt corresponded to a change 
in deflection of 1.25 scale divisions, hence an ionization leak of I scale- 


division per second corresponded to a current of 4 X 10~" amperes. 


PENETRABILITY OF VARIOUS SUBSTANCES. 

One of the chief difficulties in experimenting with this radiation has 
been that it is so readily absorbed by solid substances, and as long as the 
thermoluminescent effect was used as a measure of transmission, it was 
difficult to make sure that any slight apparent transmission was not due 
tolight. By using the ionization effect, with turpentine in the ionization 
chamber for increased sensitiveness, a number of substances have been 
found to transmit the radiation slightly. 

In these experiments, the spark was generally 4 cm. above the window 
of the ionization chamber so that light, of wave-length greater than 


1 PHYSICAL REVIEW, XXX., p. 293, IQIO. 
2? Phil. Mag., XX., p. 707, 1910. 
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\ 1,000, which is not transmitted by quartz would be absorbed by the air. 
The rate of leak was observed with the metal gauze over the window, 
with the substance in question, and with quartz 0.6 mm. thick. The leak 
in this latter case was rarely more than I scale-division a minute and more 
usually less than 14 scale-division a minute. This leak would include 
the natural leak of the electroscope. The leak with turpentine vapor 
in the chamber was 50 scale-divisions in one or two seconeds. Some 


results are given in the following table. 


TABLE I. 
Substance. Weight per Cm.? in Mg. Fraction Transmitted. 
Aluminium een 16 015 
\luminium. . debs 2.8 .002 
Collodion. : iedwdeainiit 03 18 
2 layers collodion - 04 
Collodion bah waa ae 02 
Goldbeater’s skin Ao ; 1.1 .0005 
Tissue paper. . Pd Wraps ean 1.8 10 
2 layers tissue paper eT ee oe .002 
PaFAmMed PAPET .... ....6.00 5 secs ae 2.6 .009 
Mica... Peres: 3.0 .0001 
Air 1.2 Pr i | 


Since under the best conditions there was no greater leak with quartz 
in place than when the chamber window was covered with thick metal, 
it was assumed that quartz 0.6 mm. thick does not transmit this radiation, 
and the leak through quartz was subtracted from all results to obtain 
the true ionization. In this way, any error due to the action of ultra- 
violet light on the walls of the chamber was corrected. 

The aluminium weighing 2.8 mg. per cm.’ was roughly tested to find 
the ratio of the area occupied by holes to the total area. The fraction of 
light transmitted was computed as .0002, indicating a true transmission 
through the aluminium of small amount. The tissue paper was full 
of holes, but the paraffine paper would withstand moderate differences 
of gas pressure on its two sides for some time. The amount transmitted 
by thin mica was too small to be sure of. In the case of collodion films 
it will be observed that the thick film lets through more than would be 
computed on an exponential absorption law in comparison with the thin, 
while two separate thin films do not. 

The absorption of air was measured by using spark distances, 4, 8, 
12 and 16 cm., and inserting the values of the intensity of the ionization 
produced in a formula of the form 


I r 
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The result of one experiment is given below. 


Spark Distance, Cm Time for Leaf to Pass Over 50 e—A from Consecutive Obser- 
; . Sc. Div. in Sec. vations. 
+ + 
8 43 78 
12 310 75 
The average of a number of experiments gave e~* = .77, or a layer 


of air 1 cm. thick absorbs 23 per cent. of the radiation. 

Objection might be made to the previous results on the ground, that, 
when the window of the chamber is protected only with metal gauze, 
ions might be carried in from above. The test, described in my previous 
paper, of placing a second shallow ionization chamber above the window 
of the first, and observing the leak in the lower chamber with the electrode 
of the upper charged and not charged, was repeated a number of times 
under greatly varied circumstances. Since the leak in the lower chamber 
was unaffected by conditions in the upper, and since with the upper 
electrode charged a saturation current was obtained in that chamber, 
the former conclusion, that in all cases the ionization observed is pro- 
duced in the lower chamber, was amply confirmed. 


PENETRABILITY UNDER VARYING CONDITIONS. 

The experiment was tried of measuring the fraction transmitted by 
collodion films at different distances from the spark, as in passing through 
the air some change might take place in the radiation. The changes 
noted were too slight to be considered. Experiments were also made to 
compare the fraction transmitted by films when capacity was used parallel 
to the spark and when not. While variations were observed, it was 
found impossible to confirm results on different days. Where differences 
were observed the fraction transmitted when the source was the spark 
without capacity was less. 

During the experiments on the transmission by films an interesting 
effect of the turpentine vapor was observed, which probably caused some 
of the irregularities, namely, it was found that the fraction transmitted 
by the film as estimated by the ionization in the chamber depends on 
the amount of turpentine vapor present. Results on a film which was 
kept over five weeks are as follows: 

To show that this result is not due to the presence of an absorbing 
layer of turpentine vapor in the air above the ionization chamber, or 
to a radiation given off by the films themselves which is capable of 


ionizing turpentine vapor, the spark was placed 7 cm. above the window 
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Fraction of Radiation Transmitted. 


Date. Turpentine in Chamber. No Turpentine in Chamber. 
Rey RE te ahs teh rue Rowe .16 
Eee OR ere ree .16 
PG EK ox ke ddlee ce naee 14 .O4 
POE aie euknw ew ae 15 .02 
to. See ck ie arial 15 .048 


of the ionization chamber, and a film placed directly over the window, 
and at heights I, 3, 4 and 5 cm. above it. The rate of leak in the ioniza- 
tion chamber was found to be independent of the position of the film. 

Another interesting phenomenon showed itself in these experiments, 
namely, that the increase in the rate of leak due to the presence of 
turpentine vapor is much greater when the source is the spark without 
capacity than when capacity is used. The introduction of turpentine 
vapor into the chamber, when the source of radiation was the secondary 
spark from the Leyden jars, increased the leak between 30 and 40 times, 
whereas the introduction of the vapor in the other case increased it 
about 100 times; or whereas the effect observed with the discharge from 
the Leyden jars was about I2 times as great as with the form of spark 
used without jars, when turpentine was admitted it was only five times 
as much. The value of this latter ratio taken at long intervals varied 
only from 4.6 to 6, but the former ratio varied considerably, owing 
probably to some contamination of the air. 


EFFECT OF THE WALLS OF THE IONIZATION CHAMBER. 

According to Bragg, radiation of the y ray type does not ionize a gas 
directly, but the ionization is produced by secondary radiation from the 
walls of the chamber or from the gas itself. 

In the case of this radiation, the absorption is such that one would 
not expect much effect from the walls of the chamber, and the dimensions 
are such that it was usually only the bottom on which the radiation would 
fall. As a test, the corroded brass bottom was changed for a lead one; 
the average time taken to pass over 50 scale-divisions with brass was 
17.9 sec., with lead 16.9 sec. Once it was found very difficult to restore 
the chamber to its normal state after it had had turpentine in it a long 
time, and in order to see if this might be due to a layer of something 
over the surface, aluminium was put on the bottom of the chamber. The 
leak was slightly diminished but not sufficiently to show anything but 
that the aluminium covered over one of the surfaces which supplied vapor 
to the chamber. The removal of the metal gauze covering the window, 
in conditions where the gold-leaf remained steady, increased the rate 
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of leak in a proportion that might be expected from the increased area 
of the opening. These various experiments indicate that the main 


effect must be in the air itself. 


EFFECT OF GASES ON THE PRODUCTION OF THE RADIATION, THEIR 
ABSORPTION, AND THE IONIZATION IN THEM. 

Several methods have been used for observing the effect of gases on 

this radiation, and distinguishing between their action on its production 

and transmission. Fig. 1 shows a spark chamber and ionization chamber 


' 
|| / 














— - rr | 
| a 
| aa iit i 

Fig. 1. Fig. 2. Fig. 3. 


combined, in which the upper part was glass put on with sealing wax. 
The whole was made tight so as to stand a diminution of pressure to about 
5 cm. of mercury. A stream of gas was passed in at the lower inlet 
and out at the upper. Three effects are superposed here. The lower 
part was also used separately, with its window covered with paraffined 
paper, to determine the ionization produced in different gases by the 
emission from a source in air. A spark tube, as indicated in Fig. 2, was 
used to examine the effect on the production and absorption of the 
emission. This tube had three electrodes, one of which, B, could be 
moved to the dotted position. In this way the spark gap could be placed 
2 mm. or I.2 cm. above the opening A. The electrodes were put in with 
sealing wax, and the window A was covered with paraffined paper melted 
on. Observations were made while a slow current of the gas was flow- 
ing through, and were compared with those obtained with an air current 
under like conditions. 

In the case of carbon dioxide, and oxygen, the absorption was also 
compared directly with that of air by passing a current of the gas through 
a tube which contained two windows covered with thin collodion films 
as shown in Fig. 3. The space between the windows was 2.2 cm. The 
tube was so placed that the radiation from the spark passed through the 
windows and gas in question, into the ionization chamber. 











No. 6.] ENTLADUNGSSTRAHLEN AT ATMOSPHERIC PRESSURE. 517 


(a) Hydrogen.—With hydrogen filling the apparatus of Fig. 1, the 

rate of leak was too small to be measurable (0 sc. div. in 50 sec.). When, 
however, the apparatus had been pumped out four times, and air let in, 
the ionization leak was 50-scale-divisions in I second, and it was found 
difficult to restore normal conditions. The electrodes were then allowed 
to lie in an atmosphere of hydrogen, the result was the same as that 
obtained before they had been so treated. On the other hand when 
about 4 c.c. of hydrogen was introduced into the ionization chamber, 
the leak increased forty times. This seemed to make clear that the 
effect of hydrogen in small amounts was not to change the emission, 
but the ionization produced by it. 
It might be thought however that this effect needed the presence of 
ozygen as well as hydrogen, and a number of attempts were made to 
try hydrogen alone in the ionization chamber. After trying thin alu- 
minium and thick collodion films over the window of the chamber, placed 
window down, I finally used paraffined paper as stated above, and kept 
a slow air current blowing above the top of it during the experiments. 
Hydrogen, generated in a Kipp in the ordinary way, was passed through 
a wash-bottle of potassium permanganate, and then through a long 
drying-tube of phosphorus pentoxide, and so into the chamber and out 
to a small burner which was kept lighted. The result was that the 
ionization leak obtained was twelve times that obtained with air and 
such traces of hydrogen as remained from having used it repeatedly in 
the chamber. This should be multiplied about four times for comparison 
with normal air. From the results given below on the absorption of 
hydrogen it will be seen that any slight amount of hydrogen in the air 
above the window would appreciably diminish the intensity of the 
radiation entering the chamber, so that probably the value obtained 
is too low. Also, since the radiation must be absorbed rather close to 
the window, the result is not a comparison of the ionization produced in 
equal volumes of the gases. 

With the apparatus of Fig. 2, hydrogen prepared as above, also pre- 
pared electrolytically and passed through two drying tubes with glass 
connecting pieces, was used. In the lower position of the spark the 
ratio of the ionization obtained to that with a similar current of dry air 
Was .57; in the upper position approximately .o2. 

Supposing this difference due to an absorption of 1 cm. of hydrogen, 
knowing that for air, one computes that 1 cm. of hydrogen absorbs 
97 per cent. of the emission, and that two millimeters would transmit 
49 per cent. This would agree well with the supposition that the emis- 
sion from the spark in hydrogen is approximately the same as that from 
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the spark in air, since when each of the radiations had 2 mm. to travel 
in the respective gases the proportion emerging in the case of hydrogen 
was 57 per cent. 

These results are so different to those of Hoffmann, who found the 
thermoluminescence in hydrogen very bright, that one finds it easy to 
conclude that in the case of hydrogen his effects were due to ultra-violet 
light. 

With oxygen in the chamber of Fig. 1, the ratio of the ionization 
observed to that with air was from one fourth to one sixth. With a 
current of oxygen from a cylinder, flowing through phosphorus pentoxide 
and glass wool into the ionization chamber, an ionization 1.6 times that 
produced in air was observed. With the apparatus of Fig. 2 and the 
lower position of the spark, the radiation observed was three fourths that 
with air; when the upper electrodes were used the ratio was only one 
fifth. This makes e~ for oxygen .20 and the fraction transmitted by 
2 mm. of the gas .73. This agrees well with the supposition that the 
emission of the radiation is the same in oxygen as in air and that the 
diminution noted in the upper position of the electrodes was caused by 
absorption. 

This large value for the absorption of oxygen does not agree however 
with the value of the ionization obtained when both spark and ionization 
chambers were filled with the gas, nor with the results of the writer 
showing no great absorption by oxygen as tested by the thermolumines- 
cent method. An explanation of the discrepancy may be given, namely, 
that the layers of oxygen in a confined space close to the spark absorb 
more strongly than those at a distance in a more open space; and this 
suggestion receives some confirmation in the following observations. It 
was noted at various times that when air was blown between the spark 
and the ionization chamber the ionization in the chamber increased 
slightly. During the experiments in which the spark was in a tube as 
described above, slight changes in the leak were noted depending on 
whether there was a current of air flowing through or not. When the 
electrodes were in the upper position this difference was very marked, as 
when the ionization leak changed from 50 scale-divisions in 13 sec. to 50 in 
32 sec. when the air current was stopped. These observations indicate 
that changes in the gas produced under the action of the spark increase 
its absorption, and that the effect is further increased when the gas is 
in a closed tube when such products might accumulate. For this reason 
in using such a tube air was kept flowing through when the air comparison 
was made. The same was true of the other gases, but it is quite possible 
that with oxygen the effect was greater than could be avoided in this 
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manner. The absorption of oxygen was therefore examined by the 
method illustrated in Fig. 3. No difference was detected between the 
case when air was flowing through the tube and, when oxygen was flowing. 
From this one would conclude that at a distance from the spark, oxygen 
has the same absorption coefficient as air. 

(c) Nitrogen.—Nitrogen was prepared from potassium nitrite, am- 
monium chloride, and potassium bichromate, collected over distilled 
water, and passed through two drying tubes and a plug of glass wool 
into the spark tube of Fig. 2. The ratios of the ionization produced, 
to that with air in the tube, were respectively .85 and .77 for the lower 
and upper positions of the electrodes. From this e~* for nitrogen is .7 
and a thickness of 2 mm. of the gas would transmit .93 of the radiation 
falling on it. This is not very different from the amount observed, on 
the supposition that the radiation in nitrogen is the same as in air. 

Nitrogen prepared by passing air slowly over red hot copper through 
a strong solution of caustic potash, drying tubes, and glass wool, was 
passed through the ionization chamber. The rate of leak was 6 times 
that with air. This being unexpectedly large, it was strongly suspected 
that some vapor had been carried over with the nitrogen. Later, with 
the apparatus rearranged so that the air passed first through the caustic 
potash and drying tubes, and then over the copper, an ionization between 
.7 and .8 that in air was obtained. It seemed possible that in the first 
case some trace of hydrogen, or hydrogen compound, had been carried 
over. 

(d) Carbon Dioxide-——Experiments with the apparatus of Fig. 1 gave 
an ionization from one sixth to one tenth that in air. With the gas in 
the ionization chamber only, the ionization was .6 that in air. Using 
the method of Fig. 3 to determine the absorption produced by carbon 
dioxide, it was found that the rate of leak with the gas in the tube, to 
that with air flowing through was .19. This gives for carbon dioxide 
e~* = .36, or indicates an absorption by 1 cm. of the gas of 64 per cent. 

Applying this value of the absorption to the first result it would appear 
that the radiation is emitted quite as much in carbon dioxide as in air; 
but using the spark tube of Fig. 2 in a long series of experiments, a radia- 
tion of about .1 that in air was observed in the lower position of the 
electrodes, and of .o4 in the upper position. These values agree relatively 
with the experiments on absorption, but the small ratio in the lower 
position could not be explained by an absorption of 2 mm. of the gas. 
It was noted that whenever carbon dioxide was introduced into the 
spark tube, the spark had more difficulty in passing. It is clear also 
that if the tube leaked around the window the absorbing layer would 
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be thicker than that assumed. Hence further experiments were made 
with the spark tube placed window up below the ionization chamber. 
In these the primary spark of the induction coil was used, and in some a 
small spark gap, in series with the main one, was placed between a point 
and a revolving drum so that one was enabled to count the number of 
sparks. The gas current was made slower, also, as the stronger current 
seemed to blow out the spark. The average of these experiments gave 
the ratio of the radiation in carbon dioxide to that in air .34, or allowing 
for 2 mm. absorption .4._ As this was the only gas in which the emission 
of the radiation seemed noticeably different to that in air, the first experi- 
ments were repeated with the apparatus of Fig. 1. The electrodes, which 
were small steel balls, were used at heights 2 cm. and 5.5 cm. above the 
ionization chamber. From the results at the two heights the fraction 
transmitted by a layer of I cm. of carbon dioxide was computed as .39, 
in fair agreement with the .36 obtained earlier, and the fraction .80 was 
found for air. But at the height 2 cm. the ratio of the effect with carbon 
dioxide to that with air was .26, and, allowing for the absorption, this 
would mean an emission in carbon dioxide equal to that in air, or greater 
if one takes into account the fact, that not as great an ionization is 
produced in carbon dioxide as in air by the same radiation. That this 
result with the closed chamber was not due to a direct diffusion of ions 
from the spark into the chamber, is shown by the fact that in the similar 
case of hydrogen no leak was obtained. The carbon dioxide used in these 
experiments was obtained from a cylinder containing the liquid, and 
was passed through drying tubes and glass wool, sometimes the drying 
tubes were omitted. Whatever impurities were present in it, would be 
present in all cases, and would not account for the variety of results. 
It is to be noted that in using the spark tube the radiation had to pass 
through paraffined paper, and it is possible that the penetrability of this 
radiation differs from that produced in air, or that the radiation from 
the spark in carbon dioxide produces relatively more ionization in carbon 
dioxide than radiation from a source in air. It is to be remembered 
also, that the electrical conditions in the experiments with carbon dioxide 
are necessarily different from those in air. In the latter experiments the 
spark balls had to be placed closer together in carbon dioxide than in 
air to make the induction coil function properly. 

(e) Turpentine Vapor.—It seemed worth while to test whether the 
large increase in the ionization in the presence of turpentine vapor de- 
pended on the gas in the chamber. Hydrogen, carbon dioxide and air 
were in turn caused to bubble through turpentine, and were passed into 
the ionization chamber, with the window covered with paraffined paper 
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as before. In each case the ionization was greater than with the gas 
alone. The results were as follows: 

Hydrogen + turpentine vapor 50 sc. div. in 25 sec. 

Carbon dioxide + turpentine vapor 50 sc. div. in 78 sec. 

Air + turpentine vapor 50 sc. div. in 35 sec. 

(f) Chlorine-—Chlorine was tried in the ionization chamber, but with- 
out definite result as the insulation rapidly deteriorated. It was ob- 
served, however, that a small amount of chlorine increased the ionization. 

Table II. gives an oversight of the main results with gases. I believe 
that relatively it indicates the facts, although on account of the difficulties 
in avoiding impurities, where the gases come in contact with metal, no 
great accuracy can be claimed for the figures given. 


TABLE II. 
Gas. Emission Compared Ionization in. Fraction Absorbed 

with Air. by 1 Cm. 
eee <ee 1 1 23 
Oxygen a ee 1+ 1.6 .23 
Oxygen near spark .80 
eer ree 7 1— 7 a 

7 —— .4 in tube 

Carbon dioxide. ........ : 6 .64 

1 outside 
FAVUMOGON. 5... deed as tr i+ 50 .97 


Since it seems possible that the luminosity photographed by Wood 
is due to the ionization of the gas by the Entladungsstrahlen, it is interest- 
ing to observe that these results offer a partial explanation of his. Since 
the presence of oxygen close to the spark, in an enclosed chamber, greatly 
increases the absorption, diminished luminosity at a given distance 
would result, while a strong current of nitrogen would diminish the 
amount of absorbing vapors present; also the fact that traces of hydrogen 
increase the ionization greatly, may possibly account for the spectrum 


obtained by him. 


RADIATION FROM THE DISCHARGE IN AIR AT LOWER PRESSURES. 

In beginning the second group of experiments the spark tube of Fig. 
2 was used, in which the pressure could be reduced to about 40 cm. of 
mercury. Down to this pressure the radiation showed no change. It 
was found unsatisfactory to use more heavily paraffined paper over the 
window at lower pressures, as the penetrability of the paper varied 
during the experiment. After one experiment had shown a perceptible 


increase in the ionization at a pressure of about 2 cm. of mercury, alu- 
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minium was used to cover the window, and tubes of the forms I., II. 
and III. in Fig. 4 were used. The window was 3 or 4 mm. in diameter, 
and the spark gap was from 5 mm. to I.2 cm. 
above it. The tubes were connected to a pres- 


sure gauge on the one side and to the pump on 








wl the other. The pressure was lowered to about 
“— — 2 mm. of mercury with a Geryk oil pump, and 





later to lower pressures with a mercury pump. 


+ \ / \ The accompanying curve, A, Fig. 5, shows the 
7. 








_ —= result of a series of consecutive observations at 
. pressures varying from 4 mm. to 30 mm. The 

leonw curve B is the same but with the ordinates en- 
> +-— —~ _larged ten times. The rapid rise in the ioniza- 
Fig. 4. tion produced as the pressure is diminished, is 


at once remarked. This rise in the curve con- 
tinues as the pressure is further diminished, the ionization being eight 
times as great at a pressure estimated as one half a millimeter, as at five 


millimeters. 


500 


Leak per minute. 
La) by A 
8s 8s 8 


8 





1s) 


oO 5 JO sf 20 25 30 BS 
Pressure intnm. Of mercury. 


Fig. 5. 


PENETRABILITY OF THE RADIATION AT LOW PRESSURES. 


The fraction of this radiation transmitted by thin layers of various 
substances is much greater than when the source of radiation is the spark 
at atmospheric pressure, but quartz in a thickness of 0.6 mm. is opaque 
as before. For example, when the ionization rate of leak was 3 scale- 
divisions per second, no leak was observed through a quartz plate in 30 
seconds. Results obtained with three other substances and compared 
with those for the spark at atmospheric pressure, are as follows. 
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Fraction Transmitted Fraction Transmitted. 
at Atmospheric Pressure. ata Pressure of 6 mm, 
ee ee 009 5 
PTET TT 5 
PE SG ob cau Wek Soke eee ceed 003 35 


To examine the absorption in the case of air, the spark tube was placed 
at heights .9 cm., 1.9 cm., 2.9 cm., and 5.3 cm. above the ionization 
chamber. As it was estimated from the relative size of the openings in 
the ionization chamber and in the spark tube, that the emergent beam 
if coming from the spark would approximately all enter the ionization 
chamber at the greater height, the simple formula J = Jpe™“’ was used 
for the computation of \. The average value was found to be .67._ This 
is somewhat low, as the variation of intensity with distance alone would 
not be entirely negligible, and it seems probable that the value of the 
absorption coefficient for this radiation is about the same as for that at 
atmospheric pressure. Results with mica and cardboard are given in 
Table III. 

The values of the transmission by aluminium and other solid sub- 
stances being unexpectedly large, tests were made to see if this change in 
penetrability was gradual. Down to 20 cm. pressure no change in the 
penetrability of the radiation was indicated. At the pressure where the 
ionization first begins to increase, the total amount, when the aluminium 
window was used, was too small to make determinations of absorption 
feasible. At lower pressures, strong indications of gradually increasing 
penetrability appeared, as is shown in Table III. 


TABLE III. 
Fraction of Radiation Transmitted. 

15 mm. gmm. | 6mm. 3mm.)| .5mm.? . ae 

of Hg. of Hg. of Hg. of Hg. of Hg. 
Parathined paper.......... .25 43 SS 240 
Aluminium .0011 cm. thick 31 32 35 53 .63 580 230 
Cardboard .025 cm. thick. . 17 Rs 38 45 45 
Cardboard .05 cm. thick. .. san 42 
Mica .0021 cm. thick...... 18 40 48 440 170 
Mica .0065 cm. thick...... 12 320 130 
Airlcm..... 77? 24| 225 


As the pressure-ionization curve is steep, changes take place in the ioni- 
zation observed when there is no noticeable change in the pressure as 
measured by a common mercury gauge. But by rapidly alternating 
observations with and without the absorbing layer, reliable results could 
be obtained. The observations with the aluminium, the cardboard, and 
the thin mica were repeated a number of times. 
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In the last two columns of Table III. are given the values of the 
coefficient of absorption of the substances for a pressure of 3 mm. except 
for the paper where it is given for a pressure of 5mm. They are derived 


* where J is the observed rate of leak with 


from the equation J = Je” 
the absorbing layer, Jo that without, and x the thickness. The ratio of 
this coefficient to the density is also given, the quantity xd being found 
by weighing. 

Considering that the absorption varies with the pressure in the dis- 
charge tube, a relation between it and the density could not be expected. 
The fact that this ratio is about of the same order, cardboard showing 


the greatest deviation, indicates little selective transmission. 


SOURCE OF THE RADIATION. 


That this radiation proceeds mainly from the neighborhood of the 
cathode is easily seen by changing the direction of the discharge. The 
greater value was always obtained with the cathode over the window. 
The ratio of the effects observed with cathode and anode in this position 
was one time as great as 25 toI. This might lead one to think it possible 
that in a strictly unidirectional current the whole of the penetrating 
effect would come from the cathode. 

The field of a small electromagnet, quite powerful enough to strongly 
deflect ordinary cathode rays, produced no effect on the radiation. The 
same was true when a large electromagnet was used unless the discharge 
tube was close to the poles. In this case the radiation entering the 
ionization chamber was diminished in amount, and more so, to about 
one third normal, when the spark tube was placed between the poles. 

This was evidently not a direct action on the radiation. Probably 
it was due to the action of the magnetic field on the form of the discharge. 
An experiment was made, however, to test whether the radiation was 

due to the impact of weak cathode rays on the aluminium 





? window, as such rays would be deflected by a magnet. For 
es. “Se this purpose a tube as indicated in Fig. 6 was used. MM 
- r denote the poles of the magnet and A the aluminium win- 
dow. In these circumstances the radiation was not at all 

| | affected in amount by the magnetic field. Experiments 
Fig. 6. were also made in which the opening in the spark tube was 


covered with mica. The radiation was obtained as before. 
These various observations point to the conclusion that the source of the 
radiation is the discharge in the neighborhood of the cathode. 
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EFFECT OF TURPENTINE VAPOR, OF HYDROGEN, AND OF THE WALLS 
OF THE VESSEL ON THE IONIZATION. 


This radiation differs markedly from that at atmospheric pressure in 
the absence of any particular effect of turpentine vapor on the ionization 
produced by it. At a pressure of 20 cm. of mercury the effect noted at 
atmospheric pressure persists. In some early experiments a slight in- 
crease in the ionization with the introduction of turpentine appeared at 
the lower pressures used, but with better arrangements whereby the 
bottom of the ionization chamber could be moved without disturbing 
the rest of the apparatus, no effect was obtained at a pressure of 3 mm., 
and the addition of some hydrogen to the air in the chamber diminished 
the rate of leak. 

To test the effect of the walls of the vessel, an ionization chamber 
of depth 4 cm., and dimensions such that the radiation from the spark 
tube placed immediately above the window would not reach the sides 
of the vessel, was used with different bottoms. The rate of leak with 
black paper, aluminium, lead and brass was the same. Thus it would 
appear probable that secondary radiations from the walls of the vessel 
do not cause any large portion of the ionization. 


DIscUSSION OF RESULTS. 

Considering first the radiation from the spark at atmospheric pressure, 
I have already pointed out, in the paper referred to earlier, that this 
radiation is not of the aor 8 type, nor light of wave-length greater than 
\ 1,000; and the facts covering penetrability given here amply bear this 
out. The earlier investigations showed that the radiation travels rec- 
tilinearly, casts sharp shadows, is not deflected in a magnetic field, is 
not altered by a change of the materials of the electrodes, is very slightly 
reflected from materials such as glass, paper, copper, lead. 

Comparing its properties with those that might be expected of light 
of extremely short wave-length, it is evident that this radiation is not 
of a definite wave-length, since varying the capacity varies the relative 
effects produced on air and on turpentine vapor, and also varies its 
transmission by thin collodion films. The penetrating qualities are re- 
markable for light. Hydrogen is transparent to the extreme ultra-violet 
as far as known, and is very opaque to this, while air is relatively trans- 
parent, and aluminium, paraffine, and paper are somewhat so. One 
realizes, however, that one cannot predict with certainty the behavior 
of substances with respect to unknown light, and it might be said that 
the absorption of hydrogen shows a selective quality most easily ex- 
plained in this way. The ionizing properties are in line with what is 
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known concerning the effects of ultra-violet light, since these increase 
with diminishing wave-length and are greater with vapors of high molec- 
ular weight. Hydrogen, however, as shown by Palmer' is ionized very 
little by light of the shortest known wave-length. Further evidence that 
this is not light of definite wave-length is found in the fact that changes 
in the material of the electrodes, and in the gas in which the discharge 
takes place (except in the case of carbon dioxide), do not change appre- 
ciably the amount of the radiation. The difference in the case of carbon 
dioxide may be more easily ascribed to changed electrical conditions 
than the sameness in the other cases to identical light conditions. 

On the other hand the properties possessed by this radiation are 
approximately those to be expected of the radiation of Réntgen ray type, 
which, according to Sir J. j. Thomson’s theory of the spark discharge, 
is always present, due to the accelerated motion of electrons. This would 
differ from light of short wave-length in the lack of definite periodicity. 
Hydrogen shows even for penetrating R6ntgen rays abnormally high 
absorption and ionization values. Also for the less penetrating rays 
the absorption is not proportional to the mass traversed. Thus radiation 
from the spark at atmospheric pressure might be inferred to have pene- 
trating and ionizing qualities such as the Entladungsstrahlen possess. 
The approximate sameness of the radiation with different electrodes 
and in different gases would then be explained, as also the change in 
character with the addition of capacity, and the non-homogeneity of the 
radiation. 

Turning to a consideration of the rays from the source at low pressures, 
one sees that they also are not of the 8 ray type, since not deflected in a 
magnetic field, nor of the a ray type, since they are more penetrating 
than these, nor light of wave-length greater than \ 1,000 since air trans- 
mits them and quartz cuts them off. 

This radiation, also, is not light of definite wave-length since it increases 
in penetration as the pressure is diminished, and the absence of marked 
selective absorption as well, points to a radiation of the Réntgen ray 
type. It does not appear to me that a radiation of the neutral doublet 
type as described by Bragg, could have the varied penetrating qualities 
of these radiations nor is there reason to expect here a radiation of this 
type. 

The question may be raised whether the two radiations are of the 
same nature, since the penetrating qualities are so different. In favor 
of this is the fact that the ionization is continuous in amount, and, that, 
while experiments have not yet been devised to measure the penetrating 


1 PHYSICAL REVIEW, XXXIL., p. I, 1911. 
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qualities at the transition stage, the penetrability has been shown to 
increase gradually at lower pressures. Investigation may show however 
an abrupt transition, since the radiation from the spark at atmospheric 
pressure comes from the whole length of the spark and is only a fraction 
greater from the cathode, whereas at low pressures the penetrating part 
is almost entirely from the neighborhood of the cathode. Radiation 
from electrons in this region might be always more penetrating than from 
the electrons along the path of the discharge. 

In conclusion, then, while a number of points remain to be investigated, 
it may be said that the experiments described here help to confirm the 
general theory of Sir J. J. Thomson concerning the spark discharge, and 
to show that the Entladungsstrahlen are an electromagnetic radiation 
with properties approaching those of light, differing from light in lack of 
definite periodicity, and becoming more penetrating at lower pressures. 
They show also that the ionization caused by this radiation is large in 
amount so that it must play quite a part in the passage of the discharge. 

Note.—The writer has just seen in the Revue Scientifique of April 29, 
1911, a report on some work done by Lenard and Ramsauer, in which 
they used the spark from a powerful transformer with a large battery of 
condensers, and obtained effects which in some respects resemble those 
given above, notably in the action of vapors, but which differ in the 
large value of the ionization obtained in carbon dioxide, and more 
important, in that their radiation was transmitted both through air, 
and through several millimeters of quartz, and through fluorite. For this 
reason the authors infer the effect to be due to light of wave-length less 
than 1,000 Angstrém units. The account given does not tell how the 
authors distinguished between these new effects and the effects of the 
‘“‘Entladungsstrahlen”’ which must have been there when quartz was 
not used, and those of ultra-violet light from the Schumann region which, 
with such a powerful source, must surely have been present when quartz 
was used. 


July, r1go1r. 
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NOTE ON ELECTRICALLY PRODUCED WATER RIPPLES. 
By FREDERIC PALMER, JR. 


SIMPLE method of producing water ripples by means of the dis- 
charge from an induction coil was first devised by H. Schultze,' and 
utilized by him as a frequency meter. More recently Pfund? has called 
attention to the value of ripples produced in this way as an aid to the 
study of optical phenomena, and he was able to photograph some in- 
teresting cases of interference and diffraction. He points out that the 
advantage of this method of ripple production lies in its simplicity and 
ease of manipulation. In the way of making the mechanism of inter- 
ference and diffraction phenomena clear, unmistakable, and vital to 
students, however, the method, as described by Pfund, is slightly lacking 
in some particulars; for only one or two persons can see the phenomenon 
at the same time, moreover the source of illumination is very weak, and 
the ripples are very small. 
I have found that it is easy to modify this experiment so that none of 
the above objections apply. The current from a 11o-volt A.C. lighting 
circuit is sent through the primary of 
4 a six-inch induction coil (J, Fig. 1), 
the ninety-degree arc (A) ina Bausch 
f™ | and Lomb Universal Balopticon ar- 
a ranged for vertical projection, and a 
4 ¥ , 4 variable resistance (R), all in series. 
From the secondary (.S) of the induc- 


R tion coil wires are carried to distilled 





. : water in a thin flat-bottomed evapo- 
“A ; : rating dish (D), placed on the vertical 


























Fig. 1. condensing lens (C). A variable re- 

sistance (7), shunted about the induc- 

tion coil, permits of change in the intensity of the discharge from the 
secondary terminals (7) while at the same time producing little change 
in the main current through the arc. The variable resistance (R) should 
be so adjusted as to permit the passage of only a small current, barely 


1 Zeitsch. fiir Instrumen., p. 150, 1906. 
2? Puys. ReEv., March, IgII, p. 324. 
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enough to keep the arc going well. This makes the arc as small as 
possible, and thus sharpens the image of the ripples on the screen. 
Extra small, pointed, carbons should be used. If one of the secondary 
terminals (7) is placed deep in distilled water in the carefully cleaned 
evaporating dish, near its edge, while the other is allowed just to touch 
the water surface near the center, excitation of the arc produces sharply 
defined circles on the screen, which can be seen simultaneously by a 
large number of persons. Upon bringing out the other secondary 
terminal to the center of the dish, and raising it till it also just touches 
the water surface, interference fringes appear; and it is most interesting 
and instructive to the student to watch the number, the sharpness, 
and the curvature of the hyperbolic sheets change as the two sources 
of disturbance are moved nearer together or farther apart. As terminals 
dipping into the water, I have used platinum wires about .5 mm. in 
diameter. These may be given a sharp point, while they do not fuse in 
case the terminals come out of water entirely, as small copper wires or 
needles do. 

Evidently all the experiments described by Pfund may be shown with 
the apparatus arranged as above, with the added advantage that a 
number of observers are enabled to see the phenomena taking place 
at the same time. Moreover the illumination is strong, and the ripples 
appear on the screen large and circular instead of elliptical. The experi- 
ment on ripple refraction through an oil drop, which Pfund was unable to 
photograph, can be seen taking place by all at once. 

Observations of secondary interest are connected with the luminosity 
of the arc, and with surface tension. Since the current through the arc 
changes direction sixty times a second (60 cycles), it is of interest to 
note that the difference in luminosity between the horizontal carbon, 
when cathode and when anode, is sufficient to produce the intermittent 
illumination desired. This was found to persist as the current through 
the arc was increased up to twenty-five amperes. That this change in 
luminosity actually takes place is easily shown by placing the arc in a 
separate circuit from the induction coil, and running it, as ordinarily, 
with a direct current. The circles surrounding the points of disturbance 
disappear at once; while interference fringes may still be seen for a short 
distance only between the two sources. When the current through J is 
too large a thin stream of water! is sometimes drawn three or four centi 
meters up one of the secondary terminals (TJ), where it plays up and 
down like a miniature fountain, producing, however, disturbing effects 
upon the ripple phenomena. This may be regulated by the variable 


1H. Schultze, Zeitsch. fiir Instrumen., p. 151, 1907. 
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shunt resistance (7). The ripple phenomena are best produced with cold 


distilled water. As this becomes warm the change of surface tension is 
easily noticeable; moreover, curved lines resembling lines of flow appear, 


extending from one point source to the other. 


HAVERFORD COLLEGE, 
July, rort. 
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THE THERMOELECTRIC BEHAVIOR OF HEUSLER ALLOYS 
IN A MAGNETIC FIELD. 


By L. O. GRONDAHL AND S. KARRER. 


HE effect of a magnetic field on thermoelectric behavior has been 
studied by a number of experimenters and with a variety of results. 
The lack of agreement and of complete data on the subject led the authors 
to prepare for some experiments on the effect of direction, magnitude, 
and the nature of the field. The statement by Guthe and Austin! that 
they had looked for the effect in Heusler alloys and that there was none 
found as great as .5 microvolt, together with the interesting theoretical 
bearing attributed to it, made it seem worth while to look for the effect 
with a more sensitive arrangement of apparatus. So the other experi- 
ments were postponed and the present report deals almost entirely with 
the work on the alloys, the results of which seem sufficiently interesting 
to warrant publication at this time. Investigation of the other points 
mentioned will be continued. 
The method adopted is the same as that employed by Guthe and 
Austin.2, As shown by the diagram, Fig. 1, the greater part of the 
E.M.F. of the couple is bal- 


r —_@;54-—— KS “TT v a a a 
anced by means of a storage | + FH © (ddd 
© — = a) eons] edna] T 


cell and a potentiometer. The I es & | _Teckn] edna] J 
nee Sas cos Ndi adel [Se*3] | 
galvanometer is a low resist- 2 _ 0) , es 

~~ SRs | = >| > WF i, ees ee 
ance Broca, the sensibility ae, — som 
varying around 5 X 10~ volts Lj UN — {_____1__ 
per cm., the scale being at a Fig. 1. 


constant distance of about 

2.25 meters. R,; and R. are Leeds and Northrop decade boxes. The 
field current was varied by means of a lamp bank rheostat. The coil 
used in the preliminary experiments gave a maximum field of about 400 
gauss. For the later experiments another coil waS built for which the 
constant at the center was calculated at 114.7. It was 35 cm. long, 4 
cm. internal diameter, and 20 cm. external diameter. It was built of 
No. 9 copper wire and had a short time capacity of about 25 amperes, 
giving a maximum field of about 2,800 gauss. Calculation gave for the 


1B. of S. Bul., Vol. II., No. 2, p. 315, 1906. 
? Loc. cit. 
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field at 5 cm. away from the center on the axis, H = 114.17, showing a 
fairly uniform field for at least 10 cm. along the axis. Theresults with 
the two coils were found to agree throughout. The field coil was placed 
about 10 meters away from the galvanometer and its field at the gal- 
vanometer was neutralized by means of another solenoid, C, in series 
with it, and placed near the galvanometer. The effect of the field coil 
was by this means neutralized so that for no current did it give a deflec- 
tion greater than .5 mm. on the scale. The galvanometer and all the 
leads were carefully insulated to avoid grounds or leaks from the field 
current. XK is a key used for short-circuiting the galvanometer to pre- 
vent large inductive throws while opening or closing the field circuit. 

The junctions of the couple were kept, one in steam and one in circulat- 
ing ice water, as indicated in Fig.2. The water was kept moving through 
about 15 feet of lead pipe imbedded in 
cracked ice. A propeller driven by a 
small motor and fitted into a part of the 
water circuit, served as pump. The 
temperature constancy obtained by this 
means is indicated by the constancy of 
the zero reading as given under ‘‘zero”’ 

Fig. 2. in Table II. The greatest variation for 

the whole run is 2.2 cm., corresponding 

to a temperature variation of .2° C. During one reading the tem- 

perature was usually constant to a few hundredths of a degree. A 

layer of asbestos and paper wound on the glass tube served as electrical 
and heat insulation. 

The arrangement of electrical apparatus is in principle the same as 
the deflection potentiometer described by Brooks.' A calculation similar 
to his shows that the galvanometer current is proportional to the dif- 
ference between the two E.M.F.’s and inversely proportional to the 
total resistance of the galvanometer circuit. Since the latter is prac- 
tically constant during an experiment, the sensibility in volts per centi- 
meter deflection was obtained by slightly varying either R, or R2, the 
E.M.F. of the couple being kept constant. Then 











s="(_* R’ ), 


~@\R+R R+R 
where d is the deflection in centimeters caused by the change in R; E, 


RR: 
the E.M.F. of the storage cell; R and R’, the values of —— ~~ before 
Ri+ Ro 


1B. of S. Bul., Vol. II., No. 2, p. 225, 1906. 
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and after the change; R;, a constant resistance of 10,000 ohms. Experi- 
ment showed the sensibility to be practically constant over the whole scale 
and the effect could therefore be read in scale divisions. 

The temperature of the coil rose to some extent during an experiment. 
The constancy of the zero and the fact that a Cu-Zn couple and a Cu-Al 
couple showed no effect whatever, seemed sufficient proof that the change 
in temperature of the coil had no appreciable effect on the couple. A 
Pt-PtIr couple placed in the same position in steam also showed no 
effect of the change in temperature of the coil. The effect of permanent 
magnetism, if present in the alloys, is thought to be negligible as far as 
these experiments are concerned. In the case of all the couples tested, 
al least two runs were made immediately following one another, and 
with the field in opposite directions, yet no consistent difference was 
found even in the small readings, although in the experiments performed 
In the Fe-Cu 
couples it was found necessary to demagnetize partly in order to duplicate 
the readings with low values of the field. 


no attempt was made to demagnetize between readings. 


An attempt will be made to 
investigate the effect of permanent magnetism further. 

For the specimens of Heusler alloys we are indebted to Professor A. A. 
Knowlton, of the University of Utah, who kindly lent us some of the 
rods prepared by him in 1908 and which he described in the REVIEw.! 
Table I. 
gives the chemical composition, density, magnetic property, total E.M.F., 
and range of transformation, for all of which, except the column under 
E.M.F., we are also indebted to Knowlton. 
of iron. 


In what follows, the alloys are numbered the same as there. 


All the alloys show a trace 


A bar of electrolytic iron from Professor C. F. Burgess, University 
of Wisconsin, a bar each of “ purest”’ nickel and cobalt from Dr. Schuck- 
ardt, of Gérlitz, and a bar of pure nickel from Kahlbaum, were kindly 





TABLE I. 
Specimen. Cu Mn Al Si Density. Falco E.M.F. py ng 
2 67.2 | 22.5 | 10.0 25 6.77 Good. .00087 225°-275° C. 
3 64.9 | 22.0 | 12.6 49 6.83 we .00075 
5 65.0 25.8 8.8 40 6.86 oy .00076 “5 
8 56.4 | 29.6 | 13.1 .89 6.94 Poor. .00077 ™ 
11 70.4 | 19.0 9.4 1.22 7.13 - .000367 40°-120° C. 
13 72.6 | 20.1 7.05; .23 7.16 Medium. .000383 " 
14 72.2 | 17.4 | 10.3 .08 7 Poor. .000234 10°— 30° C. 


Ri 





1Puys. Rev., Vol. XXXII., p. 54, 1911. 
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placed at our disposal by Professor Osborn. The aluminium was a 
commercial sample and the zinc was an ‘‘arsenic-free’’ specimen from 
Eberbach & Son. Iron specimen No. 2 was a piece of rolled steel picked 
up in the laboratory. | 
The samples were all 10 cm. or less in length, and all but the electro- 
lytic iron were .5 cm. or less in diameter. The iron bar was 1.2 cm. in 
TABLE II. } 
Alloy No. 3. 
Curr. Zero. Reading. Defi. E H E H 
34.00 
5 om _ —8 —_ 
45 34.00 34.35 35 23.6X 10 60 20.2 60 
34.00 : 
95 33.70 | 34.2 —.35 — 23.6 120 — 16.8 120 
* 33.75 s _ as 
1.45 33.85 34.0 —.20 —13.5 175 — 23.6 175 
190 | 37> | 33.65 10 | 6.74 230 | —20.2 220 
33.75 
210 | 38° | 3390 | —10 | — 6.44 250 3.37 240 
33.75 
a 33.70 P ate . 
2.75 33.45 33.45 13 8.76 327 10.1 315 
33.45 | 
: : ‘ " J 
3.50 33.40 32.90 52 ce | 410 33.7 420 
33.45 ; . mesh 7 
3.90 33.40 32.80 .62 41.8 447 70.7 670 
5.90 cone 32.20 1.00 67.4 670 74.1 865 
i | 33.10 - - “ 
7.80 | pe 31.50 1.60 | 107.8 875 124.6 1,115 
| 33. | | 
9.50 | : pa 31.20 | 1.82 122.8 1,095 158.2 1,210 
| 33.00 9 | a9 > . 
11.00 | 33.00 30.80 2.20 148.2 1,260 189 1,350 
33.00 ‘ » 
12.10 30.60 | 2.45 165.0 1,380 162 1,495 
33.10 
- 33.10 Btn, . * . — 
13.25 33.20 | 30.50 | 2.65 | 178.5 1,530 192 1,570 
. 33.60 os a - 
14.15 33.60 | 30.65 | 2.95 | 199.0 | 1,630 186.5 | 1,670 
33.65 | | De 
— -— | rr - 
15.05 33.90 | 30.65 | 3.13 211 | 1,725 183 | 1,725 
«ee | 34.00 | ” : 
15.55 34.30 | 31.00 3.15 | 212 1,775 186.5 1,800 
| 
16.80 | a 31.20 3.30 220 1,930 189 1,862 
| 34.70 
ae | 34.70 . 
23.75 | 35.20 30.50 | 4.45 300 2,730 296 2,600 
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diameter. The couple was made in each case by winding a piece of No. 
18 copper wire around each end and soldering them to make good contact. 
In the case of the alloys an effort was made to raise the temperature as 
little as possible. Soft solder was used and heated just sufficiently to 
make it possible to spread it with the iron, thus getting a good steady 
contact without a really soldered junction. 

The process of taking an observation consisted in noting the zero of 
the galvanometer, closing the field circuit, noting galvanometer reading, 
opening the field circuit and again determining the zero reading. The 
zero used was the mean of the two zero readings. A curve was gotten by 
taking a series of such observations increasing the current by steps. All 
the curves plotted are the averages of at least two such series taken with 
the field current in opposite directions. A sample set of observations is 
given in Table II. The fifth and sixth columns are calculated from the 
first four, the seventh and eighth are corresponding values obtained after 
the current is reversed. E is obtained by multiplying the sensibility of 
the galvanometer by the deflection. H is obtained from a curve between 
ammeter reading and field and is approximately 114.5J. The first 
column gives the uncorrected ammeter reading. 

The results for the alloys are represented by the curves of Fig. 3, 
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those of the magnetic metals by those of Fig. 4. The ordinates represent 
change in E.M.F.; the abscisse represent the field. Positive ordinate 
means an increase, negative a decrease in the E.M.F. As is seen, the 
effect is found in all the alloys and the shape of the curves is in each case 
similar to that of some one of the magnetic metals. There seems to be 
no definite relation between the magnitude of the effect and the magnetic 
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property of the alloys. The curves of Nos. 3 and 5 which are labeled by 
Knowlton “‘Good” in magnetic properties cross the axis, as does also 
that of the one labeled ‘‘Medium,”’ No. 13. These three also seem to 
approach a maximum earlier than the others. Nos. 11, 13, and 14 all 
have low transformation points, and during the experiment, one end 
was probably magnetic, the other not. Whether or not, in that case, 
the field affected only the end at the lower temperature has not yet been 
determined. As seen in Table I., the E.M.F. of these alloys is about 
one half of that shown by those of the high transformation points, and 
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Fig. 4. 


yet the change in E.M.F. seems to approach a higher maximum in No. 
11 than in any of the rest. It may be seen also, that these curves are 
more nearly linear than the rest. The shape of those curves which do 
not cross the line is very similar to that of the magnetostriction curves 
of Guthe and Austin.' One of the authors hopes to investigate the 
magnetostriction curves of these samples during the coming year. The 
magnitude of the effect in iron and nickel agrees fairly well with the 
results obtained by Bidwell? who reports a maximum of 30 X 10~* for 
nickel and between 6 X I10~* and 12 X 10-* for different specimens of 
iron. For the Al-Cu and the Zn-Cu couples no effect is found as great 
as 107? volts. 


1 Loc. cit. 
2 Roy. Soc. Proc., 73, p. 413, June, 1904. 
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RESULTs. 

1. The experiments show that the effect of the magnetic field on 
thermoelectric behavior is present in Heusler alloys, and is of the same 
nature as in the case of the magnetic metals. 

2. The surmise that the magnetic property of the alloys is different 
in nature from that of iron, loses its support as far as the present phe- 
nomenon is concerned. 

3. In this type of field no effect is found in the non-magnetic substances 
tried, aluminium and zinc. In view of Posejpal’s work the effect of the 
nature of the field on these is to be investigated further. 

4. For very low fields the effect in the case of iron samples tried is 
negative. 

Puysics LABORATORY, 


UNIVERSITY OF WASHINGTON, 
August, IQII. 
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CERTAIN CHARACTERISTICS OF LIGHT-NEGATIVE 
SELENIUM. 


By Livan B. Crum. 


HE change of resistance in light-positive selenium under the action 
of light occurs in one of two distinct types. Which is followed 
seems to depend in some manner upon the magnitude of the change, or, 
in other words, upon the sensitiveness of the unit.!. When units of low 
sensitiveness, which are also of low resistance, are exposed to light, 
their conductivity increases rapidly at first, and then more and more 
slowly, while the conductivity of the high sensibility, or high resistance 
units rises quickly to a maximum value, and then falls off more and more 
slowly. But whichever type of action is followed, the selenium always 
shows an increase of conductivity immediately after exposure to light. 
Ries’ records the action of a selenium unit, where the fifth day after 
its manufacture the falling off in conductivity after the maximum had 
been reached was great enough to bring the conductivity in the light to 
a value below that which it had shown in the dark. But he concluded 
that this strange effect was due to the presence of moisture. 

The first selenium units which decreased their conductivity immediately 
upon exposure to light were reported in 1910 by F. C. Brown,’ and 
termed light-negative. Six of these units were made, all of which showed 
a very low resistance, five hundred to ten ohms, and one had even a less 
resistance. The sensibility of these units was never above fifteen or 
twenty per cent. 

The discovery of light-negative selenium opened up two new fields of 
investigation: first, the problem of ascertaining the conditions necessary 
for the reproduction of such units at will, and second, the determination 
of the characteristics of those units which were already made. 

The method used by Dr. Brown in the production of his light-negative 
selenium was somewhat as follows: He powdered the black, glassy 
selenium and placed it upon an ordinary porcelain insulating cleat which 
had been wound with a double spiral of German silver wire. Enough 
selenium was placed upon this cleat to give a surface of about two square 


1“*Unit”’ is used in this paper in preference to “cell.” 
? Phys.-Zeitschr., Vol. 9, 1908, p. 569. 
* Phys.-Zeitschr., II. (1910), 481, also PHys. REv., XXXIII, p. 1, grt. 
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centimeters. The porcelain was heated in air for perhaps half an hour 
and then allowed to cool to approximately 100°. It was reheated in a 
sand bath or oven slowly to about 210° and very slowly cooled. In each 
case it was taken from the oven when the temperature was not lower 
than 100°. These units were made by Dr. Brown in the winter and 
early spring of 1910. My attempt at their reproduction was not begun 
until the fall of 1910. After three months’ work, with the opportunity 
of counsel with Dr. Brown, and under similar conditions, I was still unable 
to reproduce light-negative units. I did make one that for a time had 
an extremely low negative sensibility. Its resistance was about 25,000 
ohms. All other units that were crystallized by this method were of 
very low sensibility. The possible variations in conditions and the 
length of time required to make one unit conspired to make the search 
for the proper conditions a tediousone. The conditions essential to the 
successful manufacture of the light-negative units are yet unknown. 


PROBLEM AND METHOD. 


In an attempt to get at the real nature of these cells their characteristics 
were investigated along the following main lines: 

1. Variation of conductivity with intensity of incident light. 

2. Variation of conductivity with time of exposure. 

3. Variation in form of recovery curve with intensity of incident light. 

4. Variation in form of recovery curve with time of exposure. 

But one of the units at hand (made by Dr. Brown) could be used 
satisfactorily. Its resistance lay between 280 and 309 ohms. The best 
readings were all taken when this resistance was from 290 to 295 ohms. 

The selenium unit was made one arm of a Wheatstone bridge. The 
resistances of the arms were approximately equal. The voltage across 
the selenium was always less than one volt. A sensitive galvanometer 
with a period of 2.6 seconds was used. It gave a deflection of 2.9 centi- 
meters for each .1 ohm change of resistance in the selenium arm. The 
source of light was a forty-watt tungsten lamp, mounted upon a photom- 
eter bar. This sort of lamp was superior to a carbon lamp because it 
gave less radiant heat per candle power and showed less fluctuation of 
candle power with voltage. The constancy of candle power was obtained 
by constancy of voltage, an approximation sufficiently accurate. 

To guard against outside disturbances several precautions were taken. 
To avoid moisture and sudden changes in temperature, the unit had 
been placed in a bath of paraffin oil upon manufacture, and was left there. 
The vessel containing the unit was placed inside a larger vessel, which was 
all blackened except a space directly in front of the sensitive surface 
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of the selenium. The two vessels were placed inside a blackened paste- 
board box. This box was suspended by a cord to cut off the effect of 
shocks or jars. To eliminate electrostatic induction, the outside of the 
box was covered with tin foil. The room was only partially darkened, 
but the selenium was properly shielded by screens of black paper placed 
on the photometer bar. Temperature readings were made by a ther- 
mometer placed in the oil just above and to the front of the sensitive 
surface of the selenium. The precautions stated above did not eliminate 
unsteadiness; in fact, whether or not they were of definite assistance 
was not ascertained. 

With the selenium in the dark, the bridge was balanced as closely as 
convenient. The deflection was read, and then the light from the lamp, 
which was at a given distance, was suddenly thrown upon it, and the 
deflection of the galvanometer read every few seconds during the period 
of exposure. Periods of exposure lasting one, two, and three minutes 
were taken, after which the light was suddenly cut off, and in each case 
the galvanometer deflections were read every few seconds during the 
first one or two minutes of recovery. Two or three complete sets of 
readings were taken for each time of exposure at the given distance, and 
then the lamp was moved out to such a position that the intensity would 
be one half its first value, and the same operation repeated. The law 
of inverse squares could be applied without serious error due to area of 
source. Four such positions of the lamp were used and much time spent 
in trying to get readings at a fifth position, but the cell had become so 
unsteady that this could not be conveniently done. The temperatures 
and initial resistances were recorded for each exposure. 


EXPERIMENTAL WORK. 

Unsteadiness.—At the outset difficulty was encountered, for the sele- 
nium under observation had no definite steady resistance even in the dark. 
At times there were small rapid variations in resistance, amounting to 
something like one or two tenths of an ohm in either direction. At other 
times the unsteadiness of the selenium manifested itself in long gradual 
shifts of resistance, which might take place in either direction with 


apparently equal ease. These long steady sweeps might amount to as 
much as one, two, or even three ohms. If one considers that the largest 
effect produced by the influence of light was a change of only five tenths 
of an ohm, the impossibility of taking readings when the cell is in an 
unsteady state will be apparent. 

When work was first begun upon the cell, its periods of instability 
were not very frequent, and consequently not very annoying, for it was 
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noted that when the cell remained steady before the light was thrown 
upon it, it seldom became more unsteady upon exposure. After the 
selenium had been used for two or three weeks the time between steady 
periods became longer and longer. 

In general, a jar caused an increase in resistance, although it hastened 
the recovery to dark conductivity after an exposure was made. A sudden 
change in temperature made the unit extremely unstable, causing the 
conductivity to change back and forth in a most irregular manner. The 
temperature changes undergone during the night time may have ac- 
counted for the fact that the selenium was found to be more stable in the 
afternoon. The unsteadiness could scarcely have been due to loose con- 
tacts external to the unit. 

When all disturbances were guarded against as thoroughly as possible 
there still remained an instability which must be due to something in the 
selenium structure itself. 


RESULTS. 
Light-Negative Action—In Fig. 1 a portion of the data is plotted. 
The heavy vertical line indicates the time at which the light was 
cut off. This figure shows 





the three-minute exposure 
curves with the four different 





intensities of light used. It 
will be seen that in only a few 
cases do the curves exactly 
agree with one another during 
the exposure, while during the 











recovery even a wider dis- 
agreement is shown. There- | | 














fore, before any generaliza- an = Game 
tions could be drawn the mean Fig. 1. 
curve had to be determined. 

Through the points in the curves so drawn, the best smooth curve 
possible was drawn for each single exposure and recovery, and from these 
curves the centimeter deflections were read for the times 10, 20, 40, 60, 
etc., seconds after exposure, and for the same times after the light had 
been cut off. From these values of the deflection, and from the initial 
value of the conductivity in the dark, the percentage change of conduc- 
tivity was computed for each deflection so read. The mean percentage 
change of conductivity for the given times, at the given intensities, were 
determined and plotted as the ordinates in the curves of Fig. 2. It is 
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evident that the deflection after an exposure of one minute should be the 
same, whether the light were thrown off at the end of that minute or left 
on for a longer time, and hence for the one-minute curves of Fig. 2 an 
average has been taken of the 
percentage change observed 





during the one-minute expo- 
sure, together with the same 
observed during the first one 
minute of the two- and three- 
minute exposures. Likewise, 
for the two-minute curves an 





average was taken of the 
values obtained during the 
two-minute exposure with 
those obtained during the first 


& 


two minutes of the three- 
minute exposure. Of course 





PERCENTAGE CHANGE IN CONDUCTIVITY 


z 


this was not possible in case 
of the recovery curves, so the 
recovery curves are each 
simply the average of two or 
three sets of observations, 








while, for instance, the one- 








minute exposure curves are 
Fig. 2. each the average of as many 

as eight sets of observations. 

The curves given in Fig. 2 show several points. The more intense 
the incident light (the intensities are shown by indicated points in Fig. 3), 
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Fig. 3. 








the greater is the total change in conductivity for a given period of 
exposure. With an intensity one half as great the change in conductivity 
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observed is more than one half as great. The curves of Fig. 3 show the 
relation between the percentage change of conductivity and the intensity 
of the incident light, for periods of exposure of one, two, and three 
minutes respectively. 

As to what relations we should have expected from consideration of 
the light-positive cells it would be hard to say, considering the various 
formule that have been established by different investigations.! 

However, I have replotted my curve between change of conductivity 
at the end of three-minute exposure and intensity, using the distances 
from the source as abscissa, so this curve might be compared with a 
similar one of Carpini reproduced by Ries. Curve I., Fig. 4, is the 
partial curve on an enlarged scale for the light-positive unit of Carpini, 
while Curve II. shows the light-negative one used in this investigation. 
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Fig. 4. Fig.. 5. 


The two curves are in general the same shape, in fact, the agreement 
between the action of the light-negative and that of the light-positive 
units, under exposure to light of various intensities, is quite as close as 
that between two samples of light-positive selenium. 

We also see that the longer the time of exposure the greater is the 
total change of conductivity for a given intensity of exposure. The rela- 
tion between the conductivity change and the time of exposure for the 
four different intensities investigated are given in the curves of Fig. 5. 

Another thing which seems apparent from the shape of the curves is 
that the less intense the light, the more quickly does a given per cent. 
of the total change take place, that is, the more quickly does the con- 
ductivity-time curve become parallel to the time axis. To show more 
plainly that this is true the scale to which each curve is plotted has been 
changed until, at the end of three minutes exposure the change in con- 
ductivity, so plotted, comes to the same point for all four intensities. 


1See Chap. VIII., Ries, Die Elektrischen Eigenschaften und die Bedeutung des Selens 
fiir die Elektrotechnik. 
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Curve I., Fig. 6, represents the change produced by the action of the 
faintest light, while Curve IV. represents that produced by the action of 
the most intense light. 

The recovery curves are seen to be, in general, the reverse of the 
exposure curves, sloping sharply at first, and then more and more slowly 
approaching the original value of the conductivity in the dark. The 
greater has been the total change, the less complete is the recovery within 
a given time after the light has been cut off. Curves in Fig. 7 show that 
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when the scales of plotting have been reduced, as in Fig. 6, for the 
exposure curves, that the same per cent. of the total recovery is reached 
first where the total change has been least. This is an effect similar to 
that shown in Fig. 6 for exposure to lights of different intensities. 

Curve I., Fig. 8, shows the percentage change in conductivity after 




















the selenium has been allowed to recover for one minute from an exposure 
of one minute, plotted with the intensity of the light to which it has been 
exposed. Curves II. and III. show the same for one-minute recoveries 
from exposures of two and three minutes respectively. These are all 
long, slightly concave, curves. 
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The next set of curves shows the percentage change in conductivity 
after the selenium has been allowed to recover for one minute from an 
exposure to lights of given intensities, plotted against the time of exposure. 
Curve IV., Fig. 9, represents the relations for an exposure to the most 
intense light, while Curve I. represents 





the same for an exposure to the least 4g 


intense light. These are also long curves, a 
but are slightly convex. oF 
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While the curves of Figs. 8 and 9 are 








not of the same shape, yet the curvature 





is so slight in each case that, in general, Fig. 9. 
they show an agreement in the light- 
negative units with the facts found by Miss Louise McDowell in regard 
to the Bidwell type of light-positive units. She states' “‘the effect of 
increased duration of excitation upon the form of recovery curve is simi- 
lar to the effect of increased intensity.” 

Light-Positive Action—When the unit was first put in use several 
weeks elapsed before it was observed to act at any time as a light-positive 
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Figs, 10-11. 


wnit.2 But as the work progressed this happened an increasing number 

of times, until, in all, eleven cases of this light-positive action were re- 

corded. Some of these positive deflections were followed closely. Fig. 
1 PHYSICAL REVIEW, XXIX., p. 35, 1909. 


? Brown in an article previously cited reports this light-positive action as occasionally ob- 
served in some of the other units. 
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10 shows the form of one type of action, both after the light has been 
thrown upon the selenium, and after it has been cut off. The exposure 
curve is of the form of the regular exposure curves observed with a Ruhmer 
unit, while the conductivity curve after the light is off reminds one of 
the recovery curve for the light-negative unit. At least three such cases 
as this occurred. 

After plotting this curve, the occurrence of its exact opposite was 
recalled, and its appearance watched for. It was never caught, however, 
except in the case of the partial curve plotted in Fig. 11. Here the 
exposure curve is of the light-negative form, while the recovery curve is 
similar to that of the light-positive unit. 

One surprising thing about this light positiveness in the light-negative 
unit is the ease and suddenness with which it comes and goes, leaving no 
trace of itself. The table below will show this point well. 


Time. Interval. Resistance in Ohms. 
Fig. 4. Curve II. Negative.... 5:56 6 min. 291.01 
Fig. 10. Positive. .... 6:02 ; 290.97 
, ‘ . , 11 min. ~ 
Fig. 4. Curve III. Negative .... 6:13 290.7 


It is seen that a perfectly regular light-negative curve was taken, then 
within a period of six minutes the light-positive curve of Fig. 10, while 
within another period of eleven minutes it has regained its former char- 
acter and gave another perfectly regular light-negative curve. 

It seems that all this simply shows how nearly this selenium is existing 
in the two forms at the same time. In the earlier part of this article 
we noted how the high resistance selenium had a high sensibility, and 
how the sensibility decreased with resistance through several types. 
Now if we can think of the resistance becoming so low that the sensitive- 
ness passes through a zero point, and then to a negative value, we can 
understand how the units whose negative sensitiveness is as low as that 
of the one we are discussing, would be existing so close to the border line 
of sensitiveness that the sudden darkening or lighting might be a sufficient 
stimulus to throw from one form over into another. 

A second unit of resistance close to five hundred ohms was set up, but 
it was found that it was even more unsteddy than the unit of three 
hundred ohms which had been used. Perhaps this might have been 
expected, for the higher resistance would seem to indicate that this unit 
was existing still closer to the border line of sensitiveness than the 
former one. 

Impurities.—The question first asked when the light-positive action 
of selenium was discovered was whether or not the whole effect was not 
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due to the presence of an impurity such, perhaps, as a selenide formed 
by the selenium and the metal of the electrode. Pfund' answered this 
question by making sensitive units using carbon, which will not combine 
with selenium, as his electrodes. 

In the manufacture of his units, Dr. Brown used German silver wire 
which the selenium attacks to some slight extent, but the cells of Ries 
which approximate those of Brown were made with carbon electrodes. 
No attempt has yet been made to manufacture the light-negative units 
using carbon. 

The striking similarity which we find between the action of the light- 
negative and that of the light-positive selenium makes it probable that 
this negative effect is due to some peculiar structure of the selenium 
itself, or due to an impurity which will act in a similar manner to the 
selenium. It may be that if impurities affect the manufacture of these 
units they act simply to aid in the formation of the crystals or an 
arrangement of them such as may be necessary to cause light-negative 
action. Indeed, this seems the more reasonable, for selenium is unique 
in its sensibility to light. 

Temperature Effect—tIn this limited investigation nothing was at- 
tempted to show the effect of differences in temperature upon the dark 
resistance of the selenium, yet with each observation the temperature 
and dark resistance were both recorded in hope that some correction for 
temperature might be applied. 

So irregular were the relations found between the two that no statement 
could be made in regard to the variation one with the other, whether we 
consider all the readings or only those for a single day. Brown? shows 
that within certain limits the conductivity is increased by a rise of 
temperature. 

SUMMARY. 


It is impossible to make any general statements concerning light- 
negative selenium, but so far as the selenium unit here investigated is 
concerned, the following conclusions are in agreement with experiment: 

I. The making of light-negative selenium seems to require very par- 
ticular conditions which were not ascertained after several months of 
effort. 

II. The resistance of the light-negative selenium is very unsteady, both 
in the light and in the dark. 

A sudden jar or a sudden change in temperature adds greatly to this 
unsteadiness. 


1 Phil. Mag., Vol. 7, p. 26, 1904. 
* Phys. Rev. XXXIII, p. 1, rg1t. 
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III. The change in conductivity of the light-negative selenium when 
exposed to light is very small, being less than one per cent. 

IV. Exposure Curves: 

1. Change of conductivity increases with increased intensity of light, 
but not proportionately. 

2. Change in conductivity increases with time of exposure, rapidly 
at first, and then reaches a nearly steady condition. 

3. With a faint light the larger per cent. of the total change takes 
place within the first few seconds of exposure. 

V. Recovery Curves: 

I. In general, they are the reverse of the exposure curves. 

2. The more intense the light to which the selenium has been exposed 
the less complete is the recovery in a given time after the light has been 
removed. 

3. The longer the selenium has been exposed to the light the less com- 
plete is its recovery within a given time. 

4. The less has been the total change in conductivity during exposure 
the greater is the per cent. of recovery taking place in a given time. 

VI. Sensibility of the light-negative selenium seems to exist so close 
to the border line of sensitiveness that a slight stimulus will completely 
change its sign. 

VII. The evidence indicates, but does not prove, that the negative 
effect is due to the selenium structure itself and not to an impurity 
present. 

I wish to express my thanks to Professor G. W. Stewart, under whose 
supervision these experiments were conducted, and also to Professor F. 
C. Brown for his kindly interest in the progress of the experiments. 


PHYSICAL LABORATORY, 
STATE UNIVERSITY OF IOWA. 
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REFRACTIVE INDEX OF METALS. 
By P. A. Ross. 


“THE investigation here described has to do with the determination 
of the refractive index of metals by three different methods. Two 
of these methods involve the use of metallic prisms deposited upon glass. 
In depositing these prisms the cathode discharge from a wire was em- 
ployed. By proper care a very regular double prism could be built up 
by the disintegration of the metal wire. 
The vacuum tube employed is shown in Fig. 1 and was composed of 
a brass tube about five inches long by three and one half inches in diam- 
eter and having flanged ends. These 
flanges were carefully ground to give $ 
a good plane surface. This surface io fh 








was coated with a beeswax and vase- b 


line mixture and two plate glass discs “a 





(a) and (a’) firmly pressed on. When 


the air was exhausted the plates drew » 




















down, securely sealing the tube. One y L 
of the glass dises (a’) had a small hole 





drilled through it and a cathode 
cemented into this. A wire or nar- Fig. 1. 
row ribbon of the metal to be deposi- 

ted could be attached to this so as to project along the axis of the tube. 
From the large tube (b) a small tube (d) led to a Gaede mercury pump. 

A plate of glass which was first carefully chemically cleaned was 
placed parallel to the wire cathode and about a millimeter below it. 
In Fig. 2, w represents an end view of the wire and p the glass plate. 
After the tube was exhausted to a pressure of .o1 to .001 mm. of mercury 
a current from an induction coil was sent through it in such a manner 
that the wire was the cathode while the brass tube (4) (Fig. 1) served as 
an anode. 

It was found that while a round wire gave prisms of the largest angle 
they usually had curved faces. A thin ribbon or wedge made by flatten- 
ing a wire or cutting a strip from a sheet of metal gave the most uniform 
prisms. In any case a comparatively small number of the prisms made 
were usable. 
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The rate of deposition varied greatly for different metals. Copper, 
silver, gold, lead, platinum and bismuth deposited quite rapidly. That 
is, a prism of sufficient thickness could be obtained in from twenty to 
forty minutes. Iron required several hours. Magnesium was exceed- 
ingly slow, taking several days. The magnesium prism had to be de- 
posited in a very high vacuum after the tube 


a ; 
had been washed out with hydrogen. It was 








completely ruined after being exposed to the 
air for a few hours. 

The prisms were apparently of a cross section similar to that shown 
in Fig. 2. Directly underneath the ribbon almost no metal was de- 
posited. 

All prisms were deposited on plate glass of about 5 mm. thickness. 
The glass was first carefully tested to see that the faces were plane and 
parallel. 

METHOD OF MEASUREMENT. 

The first method of carrying out the measurements upon the prism 
was the same as used by Kundt. 

The spectrometer used was one made by Kriiss, of Hamburg, having 
a ten inch circle and provided with micrometer microscopes reading to 
seconds. As a usual thing it was impossible to set the cross wires of 
the telescope to within from one to four 





ss : . ol 

seconds of a constant reading. roy 

: “i. ' 

Paper masks were cut out and put over . ee 2 

' / \ 

. . ' 

the face of the prism to cover the thin -. +o 

. . J i \ Vv 

central line and all other portions of the v _ 

° . ‘ ‘ ! \8} 

prism that did not give a sharp image + 7 
of the cross wires in the Gauss eyepiece. | t/ \ | 





Oy 
«Jt. 


In determining the deviation there was 
the same difficulty found by Kundt, 7. e., nN yi 
the images of the slit were never quite . 


ro 
BS Be. 

: 

R 
‘ - 
se 
PL 

~ 

a 

an 


sharp, but had slightly diffuse edges. i : 
The deviation measurements were 7 , 
made for three colors of light, red, yellow a : 
and blue. The red was obtained by pass- Fig. 3. 
ing light from a “‘student”’ kerosene lamp 
through two thicknesses of deep red glass. It gave a mean wave length 
of 620up. The yellow light was obtained from a sodium burner. The 
blue light was obtained by passing light from a ‘“‘student’’ kerosene 
lamp through two thicknesses of blue glass. It approximated to a wave 


length of 450up. 
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The prism angle was measured in the usual way with a Gauss eyepiece. 
In measuring the deviation the glass side of the prism was toward the 
collimator and perpendicular to it as indicated in Fig. 3. Then the only 
deviation was at the emergence of the light from the metal prism. Then 
5, the angle of incidence (metal to air), is equal to the prism angle. The 


angle of emergence is 6 + a where a is the deviation. Then 


sin (6 + a) 
sin 6 


Since very small angles are proportional to their sines the equation 


_o+a 


becomes VV = 
6 


The readings given below for copper prism No. 1 are fair samples of 


, as used by Kundt. 


the accuracy obtained in reading the prism angle and the deviation of 
the refracted light. The readings grouped under a single bracket and 
marked A, B, etc., were made on the same day. The different groups 


indicated in this way were made at intervals of several days. 
Copper Prism No. 1. 


Deviation, a. 
Prism Angle, 5. 


Red. Yellow, Blue. 

12” - 7” — 6” 0” 
ig — 6” — 7” —4” 

A< 16” — 7 — 7” — 3’ 
13 —10” — 7 —4’ 
33” — 9g” — 8 —4” 
14 — 7 — 7 as 9 

17 — 10" — 9 0” 

B< 16” — 6” — 9” —4" 
16” — 9” — 9 —2” 

OF ag — 9” —10” —2” 
ray’ — 7” — 7” —2” 

| 16” —11” —11”" —4" 
C+ 16” —11” — §” — 3” 
| 18” —12” — 9” —4” 

L 18” — 9” —10” —2" 
LB gg — 8.6” — 8.3” — 2.6” 


sin (a+6) ato _ 


a eee” 5 


N (yellow) = .46, 
N (blue) = .83. 
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Below is given a summary of the refractive indices of the different 
prisms as determined by the method of deviation. 


Red (620). | Yellow (589) Blue (4°0). 
Copper (1) 44 46 83 
Copper (2) 40 57 85 
Copper (3) AS 56 .93 
Copper (4) 43 48 88 
Copper (5) 43 Jo 97 
Iron (1) 1.96 1.85 1.42 
Iron (2). Z23 1.85 3.55 
Lead (1) 2.38 1.95 1.71 
Lead (2) 2.43 1.94 1.81 
Platinum (1) 2.05 1.80 1.56 
Platinum (2) 2.05 1.88 1.50 
Platinum (3 . 2.07 t.d> 1.47 
Silver (1) m3. 34 RD 
Silver (2) 37 .28 23 
fim... 2.39 2.31 1.79 
Magnesium 51 40 26 
Gold (1).. 35 58 .98 
Gold (2). 39 .65 1.02 
Bismuth (1). 1.78 1.98 2.20 
Bismuth (2 1.78 1.92 2.30 
Nickel 1.90 1.88 1.77 
Brass 45 .66 1.04 


The values for brass are practically identical with those obtained for 
copper. It would seem that the prism was really a copper prism. The 
wire from which it was deposited was grayish after the deposition of 
the prism. The copper may have simply left the zinc behind. All 
copper prisms deposited very rapidly while zinc deposited very slowly. 


MEASUREMENT OF REFRACTIVE INDEX BY INTERFERENCE. 

Some of the prisms deposited from gold, silver, copper and iron and 
one of the platinum prisms gave plain interference fringes in reflected 
light. Other prisms from the same metals and apparently deposited 
under identical conditions did not. Copper and iron seemed to be 
especially apt to form prisms crossed by beautiful interference fringes. 
This suggested that these prisms might be made of metallic oxides 
instead of the pure metal, but the fact that such difficultly oxidizable 
metals as gold and platinum also formed such prisms indicated that this 
could not be the true explanation of their formation. Also prisms show- 
ing interference fringes were formed even after the apparatus had been 
washed out with a stream of hydrogen from a hydrogen generator. The 


prisms showing interference also gave values of the refractive index 
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which were in good agreement with those obtained by the deviation 
method from those showing no interference. 

Since the measuring of the deviation is the most difficult and in- 
accurate step in the determination of the refractive index of a prism 
it would be a distinct advantage to use measurements of the distance 
apart of these fringes instead of measuring the deviation. 

No prism showed more than two fringes before becoming so thick 
as to be absolutely opaque; therefore the prisms were all less than one 
light wave in thickness. Since the prism angle was so small, the fringes 
were rather far apart and broad. Their breadth made it hard to deter- 
mine the exact distance from center to center of the bands. 

If X\ = wave length in air of the light used, 

\, = wave length of the same light in the substance considered. 

Then 


= N (refractive index). 


If the substance is in the form of a prism having plane faces and an 
angle 6 between them, as indicated in Fig. 4, the fringes will occur at 
intervals of \, 2 increase in thickness. 
Let d be the distance between fringes. 


Then 








and 


2d tan 6° 


The distance d between fringes was measured by means of a micrometer 
microscope. The prism was placed on a table and over it a plate of 
glass (g) inclined at an angle of 45° so as to give illumination at normal 
incidence from a light placed at one side of the microscope (M). This 
arrangement is shown in Fig. 5. The microscope was focused on the 
fringes and the distance between the fringes measured. 

The angle of the prism was measured in the usual way with a Gauss 
eyepiece and also by placing it on the table of a spectrometer, allowing 
light from the collimator slit to fall on the faces of the prism and measur- 
ing the separation of the two images of the slit as seen through a telescope 
mounted on the carriage of a dividing engine at a distance of about 657 
cm. from the prism. The distance between the images of the slit di- 
vided by the distance from the prism to the telescope gave the tangent 
of four times the prism angle. 
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Then if L = distance from prism to telescope; 
1 = displacement of the dividing engine carriage; 
5 = prism angle; 
d = distance between interference bands; 


X = wave length (in air) of the light used; 
N = refractive index; 


l 
tan 6 as 
V = N 
‘ 2d tan 6 












































p 


Fig. 5. 


The date given below for copper prism No. 2 and silver prism No. 2 
are fair samples of the accuracy attainable by this method. It will be 
seen that the method is approximately one decimal place more accurate 
than the deviation method. 


Copper Prism No. 2. 


Distance between Bands (/). 


Z L . _ ——» 
Red. Yellow. Blut. 
4.04 mm. 6,573 mm. 4.85 mm. 3.59 mm. 1.45 mm. f 
4.04 | 4.83 3.56 1.44 
4.00 | 4.83 3.60 | 1.44 
4.12 | 4.86 3.58 1.48 - 
4.12 | 4.83 3.59 1.45 
4.12 | 4.83 3.56 | 1.45 


{ 4.08 mm. 4.84 mm. 3.58 mm. 1.45 mm. 
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ie l 4.08 
an § = — = ———- = _.0001533 
4L 6573 X 4 at 
* . N .000589 
4 _ a Sere - = .52 
4 adtané 2 X 3.58 X .0001533 9» 
. 7 
i N, = .414, 
Np = 1.005. 
Silver Prism No. 2. 
, | P | Distance between Bands. 
Red. Yellow. | Blue. 
4.21 mm. 6,573 mm. 4.20 mm. 6.15 mm. 5.12 mm. 
4.21 4.21 6.15 5.11 
4.18 | 4.19 6.17 | §.12 
- 4.19 4.18 6.15 | 5.12 
4.19 4.22 6.14 5.09 
4.22 4.22 6.14 5.09 
i 4.200 mm. 4.203 mm. 6.150 mm. | 5.111 mm. 
Nr = .461 Ny =.299 No» =.274 

Below is given a summary and comparison of the refractive indices 
determined by the interference method and the deviation method for the 
same prisms. 

A=620 A=589 A=450 
Interf. | Dev’n. Interf. Dev'n. Interf. | Dev'n. 
, Copper (2) 414} 40 | 529 57 1.005 |  .85 | 
Copper (3) 455 | 45 | ~~ .508 56 .908 .93 
Copper (4) 388 | .43 517 48 942 88 
a Gold (1) .460 we .658 58 1.094 .98 
Platinum (3) 1.94 2.07 1.60 1.75 1.49 1.47 
Iron (2) 2.04 2.34 1.86 1.85 1.60 1.55 
Silver (2) 461 ez 28 .274 21 
REFRACTIVE INDEX BY NEWTON'S RINGs. 

In ordinary cases Newton's rings seen by reflected light have a dark 
center, caused by a retardation of \/2 at one surface over that at the 
other with no difference of path. This change of phase is due to a thin 
film of air between the lens and plate. 

- 

4 Young showed that if sassafras oil were introduced between a lens of 
crown glass and a plate of flint glass a light center was obtained with 

’ reflected light. Since sassafras oil is intermediate in optical density 

‘ between flint and crown glass the change of phase is the same at each 


reflecting surface. Accordingly if the substance between the lens and 
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plate be between the two in optical density the interference rings have 
a light center. This can be made to furnish a rough test of the refrac- 
tive index of metals. 

With air, crown glass lens and sodium light at normal incidence the 
following metals gave light centers: Silver, gold, copper, magnesium. 

The following metals give dark centers with sodium light: Platinum, 
iron, nickel, lead, tin, zinc, bismuth, aluminum. 

Then silver, gold, copper and magnesium have refractive indices less 
than unity for sodium light. Platinum, iron, nickel, lead, tin, zinc, bis- 
muth and aluminum have refractive indices greater than unity. 

By substituting liquids of known refractive index for the air film it is 
possible to carry this rough determination somewhat further. Unfor- 
tunately as the refractive index of the liquid approaches that of the 
metal the reflection falls off to such an extent that the rings become too 
dim for accurate work. 

Iron has a refractive index greater than CS, (1.63) for sodium light 
and red light. Aluminum and tin both lie between water (1.33) and 
CS, (1.63). Platinum, lead, zinc and bismuth are all greater than 1.63. 

In conclusion I wish to thank Professor Sanford for his advice and 


assistance in this work. 


STANFORD UNIVERSITY. 
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A NEw VIRIAL THEOREM.! 


By D. F. Comstock. 


T can readily be shown that the electric energy of a hollow charged sphere 

is equal to the mechanical stress in the substance of which the sphere 

is made integrated over the surface of the sphere. The stress is of course 
caused by the mutual repulsion of the various elements of charge. 

It can also readily be shown that if a hollow box could have perfectly reflect- 
ing walls and be filled with radiation and left to itself, the integral of the 
stress caused by radiation pressure over the whole surface of the box would be 
equal to the total contained energy of radiation. 

In both of the above cases what we might call the ‘‘ mechanical stress inte- 
gral’’ is equal to the total electromagnetic energy. 

These two examples are in fact special cases of a general theorem which 
can be proved from the fundamental equations of electromagnetic theory. 
This theorem states that the mechanical stress integral plus an integral repre- 
- senting the stress-modifying reaction due to the inertia of the radiant energy 

present, is equal to the total electromagnetic energy of the system. The 
stress integral mentioned may fitly be called the ‘‘confining function.” 
- The statement of the theorem is as follows: 


S Sectors LASS fe waaien ES ff 
Ff — -E = y3 I*)dr, 
Sffo Fa)drt + om “JS r- EX Hdr vw (E? + H?)dr 


where r = vector from origin to point P, 
F = total electromagnetic force per unit charge at point P (F=E 


Il 


I ‘ . ; 
+-v XH, where v = velocity of charge at point P), 
P 


o = density of charge at P, 
dr = element of volume, 
c = velocity of light, 
7 E = electric force intensity at P, 
HT = magnetic force intensity at P. 
i The volume integrals must be taken so as to include the whole system. 
The first term on the left of the equation is very similar, except for the factor 


1 Abstract of a paper presented at the New York meeting of the Physical Society, October 
14, IQII. 
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VY, to the ‘virial’ of Clausius, well known in kinetic theory. The con- 
fining function might therefore be called the electromagnetic virial. Since 
the second term on the left is a time derivative it will drop out of the equation 
when we take an average over a long time provided the system does not enlarge 
indefinitely and keeps its same average position. This corresponds to the 
“stationary motion” of Clausius. In this case the new virial is equal to 
the total energy, while the Clausius virial is equal to the kinetic energy. 

A simple example of the above case is that of the hollow, totally reflecting 
sphere mentioned at the beginning, and it is easy to verify the general theorem 
in this case. Since the pressure of radiation after equilibrium is one third the 
energy density (e), the virial is 


e 9 
(- . .) 4mr? = e- volume of sphere = total energy. 


It can readily be shown that the virial is equa! to the stress-integral over 
a volume, a surface or a line according as the shape of the confining structure 
be considered as three, two or one dimensional. Indeed, 


SSS + Foydr = ff f (x, + ¥, + Zar, 


where, using the familiar symbols of the theory of elasticity, X,, Yy,, and Z, 
are the tensions within the confining structure. ; 

To take a ‘‘one-dimensional”’ illustration, the mutual energy of two similar 
point charges is q?/r, where (qg) is charge and (r) distance between them. If 
they are held in place by a thread joining them the tension in this thread will 
be the force between charges, namely, g?/r?, and the integral of the tension 
will be 


= mutual energy. 


A NEw Form oF GoLp-LEAF ELECTROSCOPE: A NULL INSTRUMENT.! 


By J. C. HUBBARD. 


GOLD-LEAF L is suspended in the electric field between two brass plates 
insulated from each other and connected to the terminals of a suitable 
constant potential battery (50 to 200 cells). The middle of the battery is 
earthed. The gold-leaf and the field-plates are enclosed in a brass case which 
is also earthed. Connected rigidly to the case is a framework into which a 
microscope may be adjusted so as to focus through a small glass windoy in 
the front of the case upon the edge of the gold-leaf. Coincidence of the image 
of a point in the edge of the earthed leaf with a cross-hair parallel to the image 
of the leaf in the microscope provides the zero of the instrument. The case, 
contents, and microscope are capable of rotation as one body about a horizontal 
axis parallel to the axis of rotation of the leaf. When the leaf is charged the 


1 Abstract of a paper presented at the New York meeting of the Physical Society, October 
14, IQII. 
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instrument is rotated in the same sense as the deflection of the leaf until the 
image of the point in the edge of the leaf again coincides with the cross-hair, 
i. e., until the leaf is in its original position with respect to the field-plates. Fine 
adjustment of the rotation is made by means of a tangent screw not shown 
in the figure. 


atufofaeloatopt 





Fig. 1. 


Since at any point in the leaf the electric force is, by the manipulation just 
described, proportional only to the potential applied to the leaf and always 
in the same direction with respect to the leaf (assuming the field uniform), and 
since the resultant of the electric force and gravity must lie in the plane of 
the leaf, we have 


V =k sin 9, 


where V is the potential applied to the leaf, k is a constant depending on the 
potential of the field-plates, gravity, the thickness of the leaf and the dimen- 
sions and design of the instrument (i. e., k is a constant to be determined by 
calibration), and @ is the angle through which the instrument was turned to 
bring the leaf to its initial position with respect to the field-plates. 





TABLE I. 

Vv Py k | 6 k 
1.0184 19’.7+.2 i738! 5.00 -+.05 1° 36.6 178 
408 7.8“ 179 9.48 $3.5 178 
1.224 23.5 “ 179 13.82 “ 4 24.5 180 
2.448 46.8 “ 180 18.76 “ 5 59.1 180.4 
4.896 1° 33.0 “ 180.8 24.00 “ 7 39.2 180.1 
6.120 1 56.7 “ 180.5 31.12 “ 9 56.4 180.2 
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The formula assumes, as we have said, that the field is uniform, 1. e., that 
the plates are parallel. An instrument in which this condition was fulfilled 
was constructed. The results given in Table I. are typical. The plates were 
14 mm. apart and charged to + and — 50 volts respectively. In the first 
column of V’s the potential in volts was measured by potentiometer, in the 
second, by voltmeter. 

The deviations in k are well within the errors of observation, which are 
indicated in the table. The electroscope so constructed has the disadvantage 
that when a fairly large potential is applied to the leaf the latter is apt to fly 
to one of the field-plates and adhere, unless the field-plates are so far apart as 
to greatly diminish the sensibility. In taking the above series, 20 volts was 
the largest potential which could without great inconvenience be applied to 
the leaf. Verv great sensibilities are possible in this form of the instrument by 
adjusting the plates closer together and increasing their difference of potential, 
and the instrument so used is ideal for the measurement of small differences 
of potential or for slow fluctuations of larger magnitude. 

To make the instrument more convenient for rapid work over a wider range 
the form shown in the figure was constructed, in which ample clearance is 
afforded the leaf. Typical results are shown in Table II. 


TABLE II. i 

V (volts). Fs k 
6.1 49.8 422 
14.3 1° 56.6 422 
31.8 4 18.6 423 
51.4 7 O38 421 
71.5 9 48.9 419 
90.2 12 24.8 420 
106.5 14 46.0 418 


A small, though systematic change in & is noticeable at the higher potentials, 
amounting, as may be seen, to 1 per cent. The systematic variation in k has 
been observed in all cases where @ is greater than 10° and is due to the non- 
uniformity of the field causing a very slight curvature in the leaf. 

The instrument in this form is a most convenient device for the rapid meas- 
urement of potentials, the sensibility being almost instantly adjusted to any 
desired value by turning the graduated nut which raises or lowers the field- 
plates. Adjustment of the microscope to give an unchanged zero with the 
field on or off insures a perfectly definite sensibility for any reading of the nut. 
As an illustration, the sensibility was so adjusted that k = 200. Since for 
small angles we may take sin @ = @¢, a deflection (d) of 1 cm. on the scale at 
I meter used in reading the angles of tilt (telescope and scale method) cor- 


responds to 1 volt. Table III. shows the results of a rapid comparison of cells 
which had been previously compared by the potentiometer method. 

The principal utility of the electroscope or sine electrometer here discussed 
consists in its being a null instrument giving angular readings, the sines of 
which are strictly proportional to the potentials applied to the leaf. One 
reading with a standard cell is thus sufficient for calibration. The various 
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possible ranges in one instrument make it suitable for radio-activity and gas 
conductivity experiments as well as for measurements in atmospheric elec- 
tricity where relatively high potentials may be encountered. The accuracy 
depends upon the magnifying power of the microscope and upon the means for 
reading the angle of tilt. Much may be hoped for from improved design. 


TABLE III. 


Cell. Vv d(cm.). 
EN Gti ke 00 ary 0s Rew aieS o Me SA ws a ee ...1.018 1.02 
SMITA a bods ee eb nad Pe eer ewe eee eeeens eee 1.474 1.47 
Dia ta wad wep a es «Bae eledw ceind eas ek elated 2.016 2.02 
5 ok oho as ao A ek ea 6.097 6.08 


It should be further noticed that the instrument has a constant and very 
small capacity for any deflection, making it available for the comparison of 
small capacities by the method of divided charge. 


CLARK COLLEGE, 
WORCESTER, MAss. 


SPECTRAL LUMINOSITY CURVES DETERMINED BY THE METHOD OF 
CRITICAL FREQUENCIES.! 


By HERBERT E. IVEs. 


PECTRAL luminosity curves obtained from determination of the speed 
of disappearance of flicker (light against darkness) have been supposed 
to be similar to those obtained by the flicker photometer (alternation of two 
lights under comparison). The method of critical frequencies has however 
been found to give a Purkinje shift (increase of brightness of blue) as the 
illumination is decreased, while the results of the author with the flicker 
photometer show that method to exhibit a reversed Purkinje shift (increase 
of brightness of red). With the same apparatus as previously used the two 
methods have been compared and agree in both showing the reversed Purkinje 
effect. At very low illuminations, however, the method of critical frequencies 
shows a shift in the opposite direction, or true Purkinje effect. 

It has been found by Porter that if log. illumination is plotted against critical 
frequencies, with white light, a straight line results. At about .25 meter 
candles the line abruptly changes its direction, perhaps due to change from 
cone to rod vision. Upon plotting in this manner the illuminations at which 
the present results were obtained, the reversed Purkinje effect is found to hold 
above the bend in the straight line, the Purkinje effect below. 

Attention was then turned to securing the relation between log J and critical 
frequency for the different spectral colors. Red light plots as a straight line 
without bend, blue light as a straight line which bends to the horizontal, that 
is, the critical frequency becomes independent of illumination. Consequently 
the relative inclination of red and blue lines changes, giving the two kinds of 
Purkinje effect. 

1 Abstract of a paper presented at the New York meeting of the Physical Society, October 
14, IQII. 
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The question whether the flicker photometer might be considered as a simple 
dove-tailing of two flicker sensations each following the relation just discussed 
was next investigated. Apparently it is not, although the phenomena of 
critical frequency exert a dominating influence on the results with the flicker 
photometer. 

Some experiments on the relative sensibility of the peripheral and central 
retina indicate that at high illuminations there is little difference. At low 
illuminations the periphery is more sensitive than the center to blue flicker, 
but for red flicker the condition is exactly reversed. The periphery quickly 
tires and possesses such advantage as it has for detecting flicker only for 
momentary observation. It is therefore unfitted for continuous photometric 
work. A large photometric field is always more sensitive to flicker than a 
small one. 
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Page 259. To enable one to locate properly points platted in Fig. 12 
in the paper by A. G. Worthing on Some Thermodynamic Properties of 
Air and of Carbon Dioxide, the following table is given: 


7 ip 
in Atmos. 


1- 6 


& and 7 for CO: at low pressures. 


Result of Cazin. 


1- 5 


Result of Natanson. 


Results of Kester. 


1-40 


Result of Searle. 


5-10 


Results of Worthing. 


0 


0 


T “ 7 
in °C. in Deg. Atmos. in Deg./Atmos. 
Results of Joule and Thomson. 

4.0 1.307 
33.5 1.020 
51.9 .883 
91.8 648 
96.0 .639 
10 88 
19.7 1.18 

6 1.442 
20.4 1.173 
39.5 1.037 
59.5 .948 
79.5 .868 
96.6 .786 

0 .63 

0 1.375 1.265 
30 1.065 975 
50 910 .830 

100 .595 .540 
Results based on data by Chappuis and by Holborn and Austin. 

0 1.290 1.125 
30 1.108 .970 
50 .960 .850 

100 945 480 
Results based on Clausius’s equation and y data by Worthing. 

0 1.36 1,22 
30 1.06 .96 
50 .90 81 

100 61 55 
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The Cutler-Hammer Mfg. Co. has developed resistances for every kind of service. 

Our Carpenter enclosed resistances are extremely compact in construction and 
are well suited for service in damp and dirty locations and where temporary over- 
loads occur. 

The Wirt Calibrating Rheostats are adapted for work requiring fine variations of 
high resistance as in laboratory or calibration work. 

Our catalog lists hundreds of styles and sizes of resistance units. 

Send to our nearest office for further information, 


The Cutler-Hammer Mfg. Co. Milwaukee 


NEW YORK: Hudson Terminal, 50 Church St. CHICAGO: Monadnock Block. PITTS- 
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“Tested and Approved” 
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Vacuum Cleaner 
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Indicating Instruments 
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May be used on circuits of any frequency from 15 cycles to goo cycles 
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